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HOMOLOGOUS RECOMBINATION IN MISMATCH REPAIR 
INACTIVATED fCUKARYAT I C CELL S ) [EUKARYOTIC CELLS 




RELATED APPLICATIONS 

The present application is a Continuation-in-Part of United States 
application Serial No. 09/147,712, filed February 23, 1999, abandoned, 
which is the National Stage of International application PCT/EP95/02980, 
filed July 26, 1995.1 

BACKGROUND OF THE INVENTION 

[[000111 The introduction of specific modifications in the prokaryotic 
and eukaryotic genome is a powerful tool in studying gene function both 
at the level of individual cells and in the context of a complete organism. 
In addition, modification of specific genes may result in the generation of 
industrially and medically important organisms, whereas correction of 
defective alleles in eukaryotic cells may provide a substantial step forward 
in the development of somatic gene-therapy protocols. 
[[000211 The method of genetic modification relies on the ability of 
virtually every cell type to exchange DNA sequences with a high degree 
of nucleotide sequence similarity by a process which is called homologous 
recombination {m}[(Kucherlapati R. et a/., 1988)]. Briefly, the method of 
genetic modification involves the generation of a so-called targeting 
construct, a DNA sequence that is largely identical to the specific 
chromosomal locus to be modified, but differing from this locus by 
specific modifications. These modifications can be as small as the 
deletion, insertion or substitution of a single base-pair, or be as large as 
the deletion or insertion of ten's of [ki l obooopairo} [kilobase pairsl. On 
entry of the targeting construct into the cell, exchange of sequences 
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flanking the modification with their chromosomal counterparts, will result 
in the introduction of the modification into the recipient chromosome. 
[[0003]] The efficiency of homologous recombination in both 
prokaryotes and eukaryotes strongly depends on complete sequence 
identity of exchanging DNA strands {(2 5)} [(Schen, P. et al., 1986; 
Nassif, N., et ah 1993; Waldman, A.S. et al. r 1988; Te Riele, H., 1992)]. 
Thus, sequence dissimilarities as small as 0.5% can already strongly 
impede homologous recombination. In several bacterial species, 
Escherichia coli f Salmonella typhimurium and Streptococcus pneumoniae 
as well as in the yeast Saccharomyces cerevisiae it has been 
unequivocally shown that the DNA mismatch repair system is responsible 
for suppressing recombination between homologous but [non-identical 
DNA sequences (Rayssiguier, C. et al. f 1989; Claverys, J. P. et a/., 1986; 
Selva, E. et a/., 1995).] (nonidontioa l DNA ooquonooo (6 8). 

SUMMARY OF THE I NVENT I ON 

Wo now havo domonotrotod that in mamma li an oo ll o dofioiont for tho DNA 
mismatch repa i r gono Msh2, homo l ogouo rooomb i nat i on hao l oot tho 
roquiromont for oomp l oto sequence identity between exchanging DNA 
Goquonooo. This f i nding prov i des a now method for modifying tho 
oukaryotio gonomo using DNA targeting constructs which substant i a ll y 
d i ffer from tho target l ocus in tho reg i on where rooombinat i on takos p l aoo 
by gonot i oal l y and/or functional l y inaot i vat i ng tho oeM's mismatoh 
oorrootion system. 

Tho method obviates tho roquiromont for DNA targeting oonstruots that 
aro l arge l y idont i oal to tho target l ocus, thus a ll ow i ng tho off i o i ont gonotio 
modifioation of both somatic oo ll s and tho gorm l ino of outbrod organ i sms. 
Th i s may prov i de a routo to somat i o gono thorapy and tho modif i oation of 
oukaryot i o spooioo of whioh i nbred stra i ns aro not easi l y avai l able. A l so, 
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botwoon ropootod but divorgod ooquonooi 



BR I EF DESCRIPTION OF THE DRAWING S 



Fig. 1 . Torgotod d i oruption of tho mouoo Moh2 gono 




HTH: putative 



bind i ng and 




tho Hyg maker io i nd i ootod. Bottom: tho genomic Moh2 loouo; indioatod 
bolow io tho target i ng oonotruot carrying tho Hyg makor inocrtod i nto a 



unique 





d i gootod with EooRI and analyzed by Southern hybridization uoing probo 1 




kbp), and dioruptod (ko, 7.5 kbp) allolco. 



(G.T, G.A, G.G, or A.C), an oxtraho l ioal dinuolootido (Extraho l ioal TG), or 
an oxtroholiool 1 1 nuolootido loop (LOOP 1 1) and a Homoduplox woo 
aooooood uoing a gol retardation aooay. Soquonooo of tho oligonuolootidoo 
aro given under Exper i menta l Proooduroo. Arrowhoado indioato tho 
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pooitiono of mismatch opooifio eomploxoo. E2F: B inding to an 
o li gonuolootido oorrying an E2F oito sorvod qo a posit i ve control 
(Boijorobergon ot o l , 1995). 

F i g. 3. MiorooQto lli to stab ili ty i n w il d typo and Moh2 dofioiont oo l lo. 

Gonomio DNA of 24 oubolonoo derived from Moh2 i / I oo ll l ino wt 2 and 
Moh2 / oo ll l ino dmoh2 9 woo amp l if i ed by PGR us i ng pr i mor ooto D7Mit l 7 
and DI 4 Mit l 5. Arrowheads indicate miorooato lli to a l lo l os with a dotootab l o 
l ength a l teration. 

Fig. 4 . To l oranoo of Msh2 dof i oiont oo ll s to the simple mothy l at i ng agent 
MNNG. 

ES oo ll l inos wt 2 (Msh2 I / I ), sMsh2 55 (Msh2 l / ) and dMsh2 9 
(Msh2 / ) wore exposed to inoroas i ng amounts of MNNG for one hour in 
the prosonoo of 06 bonzylguanino. After four days of incubat i on, oo l ls 
wore trypsinizcd and counted. 

DETAILED DESCRIPT I ON OF THE PREFERRED EMBOD I MENTS) 
Genetic modification of mice 

[[0004]] The introduction of specific genetic alterations into the germ 
line of mice was made possible by a combination of new techniques in 
molecular biology and embryology that have become available during the 
last ten years ((9 1 1 )) [(Capecchi, M. et al. 1989; Frohman, M.A. et al., 
1989; Hogan, B. 1994)]. The method entails the introduction of a 
planned genetic modification in embryonic stem (ES) cells by homologous 
recombination. ES cells are originally derived from the inner cell mass of 
3.5 day old pre-implantation embryos and can be maintained by in vitro 
culture as immortalized cell lines, retaining the undifferentiated state 
under appropriate culture conditions. At present, a number of ES cell 

-4- 

002.684857.1 



Atty. Docket No.: 065691-0230 



lines are available. ES cells injected into the blastocoel of 3.5 day 
blastocyst-stage embryos can efficiently compete with the inner-cell-mass 
cells of the recipient blastocyst in embryonic development thus generating 
a chimeric mouse consisting of cells derived from the recipient blastocyst 
and the injected ES cells. Should the in vitro modified ES cells contribute 
to the germ line of chimeric animals, the ES cell genome can be 
transmitted to the next generation {g i ving) [resulting with] animals 
(oorrying) [that carry] the introduced modification in all their cells. 
Intercrossing of such animals reveals the phenotypic consequences of 
homozygosity of the modified gene. 

The most commonly introduced genetic modification in ES cells is 
gene disruption leading to gene inactivation. This allows {te} [the] study 
[of] gene function by analyzing the consequences of the absence of a 
particular gene in the context of a complete organism. Also, many 
hereditary human diseases result from {homizygooity) [homozygosity, Le 
presence of two defective alleles,] of specific genes [e.g.[,] cancer 
predisposition syndromes like hereditary nonpolyposis colorectal cancer 
{44^}[(Modrich, P., 1994)], Li Fraumeni syndrome -£443}7}[(MaIkin et aL, 
1990),] retinoblastoma {fM4*H(Hansen, M.F., 1988)]]. The generation of 
mouse models for such diseases by disruption of the mouse (homo l ogo) 
[homologues] of the genes involved provides an invaluable tool for 
studying hereditary diseases in an experimental setting. 

Gene disruption in ES cells 

[[0005]] The inactivation of a specific gene in ES cells via homologous 
recombination starts with the preparation of a DNA targeting construct 
{4+6}}[(Thomas, KR - a/., 1987)]. Two types of targeting constructs 
can be used. In a replacement-type vector, a drug-resistance marker gene 
(conferring to the cell resistance to drugs like {G41 8) [G418], 
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Hygromycin B, Puromycin, Histidinol) disrupts a sequence which is 
homologous to a sequence in or around the target gene in the recipient 
genome; in an insertion-type vector the marker gene flanks the 
homologous sequence. The targeting construct is introduced into ES cells 
by electroporation (or alternatively by Ca-Phosphate precipitation, 
(lypooomo) [liposomel-mediated DNA transfer or micro-injection) and cells 
are selected for stable integration of the targeting construct into the 
recipient genome by growth in medium containing the appropriate drug. 
Drug-resistant colonies are the result of either one of two events: 
integration of the targeting construct at a random site in the genome or 
integration of the marker gene in the target locus via homologous 
recombination between the flanking sequences and their chromosomal 
counterparts. The replacement-type vector integrates by homologous 
recombination on both sides of the marker gene: the insertion-type vector 
integrates by a single homologous recombination event leading to 
duplication of the region of homology. Thus, the marker gene serves two 
purposes: it allows selection of cells that have taken up the targeting 
construct and, on integration via homologous recombination, it will disrupt 
the target gene thereby modifying its function. 
[[0006]] Distinguishing ES cell clones resulting from homologous 
recombination from those resulting from random integration, requires the 
DNA of individual clones to be (ono l yood) [analyzed] by Southern 
(hybr i diootion) [hybridization] or the polymerase chain reaction. 
[[0007]] Unfortunately, in many targeting experiments, random 
integration was often found to be far more efficient than homologous 
recombination and also large variations in targeting efficiency were 
observed for different genes {H^^MCJamerini-Otero, R.D. et al. 1990)]. In 
this respect, mammalian cells differ from bacteria and lower eukaryotes 
like yeast ((1 7),} [(Sulston, J.E. et al., 1977),] Leishmania major 
{|4*>}[(Cruz., A., 1990)] or Trypanosoma brucei {{4-&}}[(Ten Asbroek, A. 
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et al., 1990)], where integration of exogenous DNA into the recipient 
genome exclusively or predominantly occurs via homologous 
recombination. To date, three factors clearly affecting the recovery of 
homologous recombinants in mammalian cells have been identified. First, 
the frequency of homologous recombination increases substantially with 
the total length of the homologous sequences up to 14 kilobase -f-fpairs 
{(20)) [(Deng, C. et a/., 1992)]. Second, the expression level of the 
marker gene at the target locus affects the frequency of recovery of 
homologous recombinants: low expression may lead to loss of 
homologous recombinants, whereas high expression may allow selection 
of homologous recombinants at an elevated drug concentration 
{(21 )) [(Hanson, K.D. et al., 1993)]. Third, sequence dissimilarities 
between the targeting construct and the chromosomal target locus 
strongly suppress the efficiency of homologous recombination {(6)} [(Te 
Riele, H. eta/., 1992)]. 

High efficiency targeting with isogenic DNA constructs 

[[0008]] The suppression of homologous recombination in ES cells by 
small sequence dissimilarities became clear by a gene targeting 
experiment aimed at disrupting the Retinoblastoma gene with a neomycin 
resistance marker gene. Two targeting constructs were prepared carrying 
the neomycin resistance marker embedded in 10.5 kb of Rb sequence. In 
one construct the Rb sequence was derived from [an isogenic] mouse 
strain 1 29, and was therefore identical to the corresponding chromosomal 
locus in the ES cells, which were also derived from mouse strain 129. In 
the other construct, the Rb sequence was derived from [a non-isogenic] 
mouse strain BALB/c {. Tho two oonotruoto, dooignatod 1 2 9 Rb noo ond 
B/oRb noo aro dosor i bod i n tho oooompony i ng pub li cation Proo. Nat l . 
Acad. Soi. USA, Vo l . 89, pp. 5128 5132 on pagoo 6128 and 6129, Fig. 

-7- 



002.684857.1 



Atty. Docket No.: 065691-0230 



4} [(Te Riele et aL, 1992; Table 1)]. The two constructs contained 
corresponding Rb sequences and were therefore largely similar. However, 
they differed approximately 0.6% at the nucleotide level (which 
corresponds to the level of sequence polymorphism found in the human 
population). Thus, in a stretch of 1687 {baoopairo} [base pairs] that was 
sequenced, the BALB/c sequence differed from the 129 sequence by 9 
{booopo i r} [base pair] substitutions, three small deletions (of {1 , 4 ) [1, 4] 
and 6 nucleotides) and two polymorphic CA-repeats (see {Proo. Not l . 
Aood. Soi. USA, Vol. 89, pp. 61 28 5132, pogo 6130, Fig. 4)) [Te Riele 
et a/., 1992)]. On introduction of these constructs in 129-derived ES 
cells, homologous recombination at Rb with the 1 29-derived construct 
was 50-fold more efficient than with the nonisogenic BALB/c-derived 
construct. To provide additional evidence that the suppression of 
recombination was solely dependent on the polymorphisms between the 
endogenous locus and the targeting DNA, the inverse experiment was 
performed, i.e. targeting of a BALB/c-derived ES cell line with the 129- 
and BALB/c-derived constructs. This experiment yielded the inverse 
result, i.e. a higher targeting efficiency with the BALB/c-derived construct 
than with the nonisogenic 129-derived construct. 

[[0009]] With a somewhat different targeting construct, consisting of a 
hygromycin resistance gene embedded in 17 kb of isogenic Rb DNA, we 
observed that 80% of all Hygromycin B-resistant colonies resulted from 
homologous recombination {(5)} [(Te Riele et aL, 1992)]. This 
demonstrates that, in the presence of perfect homology, also in 
mammalian cells homologous recombination rather than random 
integration can be the predominant event. 

[[0010]] Although clearly not all problems of gene targeting have been 
solved, many genes have now been successfully targeted by the use of 
isogenic DNA targeting constructs. However, genetic modification of 
cells derived from an outbred organism can become a difficult 
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(ondoovour) [endeavor] as isogenic targeting constructs are not easily 
available. In this case, efficient gene targeting would require the targeting 
construct to be prepared from DNA derived from the target cell. 
Especially in the context of gene therapy, this would raise a tremendous 
practical obstacle to correction of a defective gene. Also, base sequence 
divergence imposes a major barrier to exchanging a large chromosomal 
region of one species by the syntenic region of another species.-fThe 
prooont invontion prov i des? a way to ovcroomc those problems.) 

The introduction of subtle mutations 

[[001 1] A related problem exists in methodologies to introduce subtle 
mutations into the germ line of a transgenic animal.] Although protocols 
for disruption of genes in inbred ES cell lines (and in somatic cell lines of 
which isogenic DNA targeting constructs can be prepared) are rather well 
developed, the introduction of more subtle mutations is not 
straightforward. Current protocols are variations on a two-step procedure 
in which first a marker gene is introduced into the target gene followed by 
replacement of the marker gene by the desired subtle mutation {(5)) [(Te 
Riele, H. et al., 1992)]. This procedure requires the marker gene to be 
selectable both for its presence (first step) and its absence (replacement 
by the subtle mutation). 

[[0012]] Useful marker genes are the Hprt minigene to be used in Hprt- 
deficient ES cells (positive selection in HAT medium: negative selection by 
6-thioguanine) and a combination of the neomycin resistance gene 
(positive selection by G418) and the Herpes Simplex Virus thymidine 
kinase gene (negative selection by Gancyclovir). In an alternative 
procedure, the subtle mutation and the marker gene are present on the 
same targeting construct and {oonoomittont l y) [concomitantly] introduced 
into the genome by homologous recombination. If an insertion-type 
vector was used, the marker gene can be removed by intrachromosomal 
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recombination between the duplicated sequences that were generated 
during the first integration event {423>}[(Hasty, P. et al., 1993)]. In case 
of a replacement-type vector, the marker gene can be removed if it was 
flanked by two site-specific-recombination sites (e.g. loxP sites). 
Recombination between these sites on introduction into the cell of the 
/oxP-specific recombinase Cre will remove the marker gene from the 
genome ((24).) [(K8lby, N. et al., 1993). 

[0013]] Although either of the above mentioned procedures has allowed 
the subtle modification of a number of genes in ES cells, they are highly 
demanding as to the generation of appropriate DNA targeting constructs 
and the culturing of ES cells under various selective conditions. 
[[0014]] Therefore, an attractive alternative to these procedures might 
be the use of small single- or double-stranded oligonucleotides (up to 100 
bases or (booopairo)) [base pairs)], which are identical to the target locus 
except for one or several {booopoir] [base pair] alterations. However, our 
finding that base sequence dissimilarities as small as 0.6% strongly 
suppress homologous recombination, may impose a major impediment to 
using such oligonucleotides for the introduction of subtle genetic 
modifications. {Tho prooont invent i on providoo a woy) [There is thus a 
need in the art] to (ovoroomo th i o problem and moy) allow the subtle 
modification of cell lines and cells derived from living organisms and 
temporarily cultured in vitro. 
[GENET I C MOD I F I CATION OF EUKARYOT I C CELLS US I NG DNA 
CONSTRUCTS W I TH SUBSTANT I AL BASE SEQUENCE DIFFERENCES 
W I TH RESPECT TO THE TARGET LOCUS. 
DESCR I PTION OF THE INVENT I ON 

Tho monuoor i pt inc l uded ao annex i n thio app li cation providoo a doto il od 
dooor i pt i on of the mothodo l ogy uood i n thio app li oat i on and w ill bo 
publ i ohod i n tho journa l Co ll on Ju l y 28, 1005) 
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[Summary of the Invention 

[0015] The present invention provides a method to genetically modify a 
eukaryotic cell's mismatch repair system in order to allow homologous 
genetic recombination to occur with non-identical genetic sequences. The 
present methodology thus overcomes the major barrier that sequence 
divergence has imposed on prior homologous genetic recombination 
methodologies. The present invention also can be used to create 
genetically modified embryonic stem cells which can be used to generate 
chimeric animals and chimeric plants that can transmit the mutated 
genome through the germ line. A cell line derived from any mammalian 
species or mammalian organ, from any organism containing non-identical 
homologous chromosomes, or from any plant species and cultured in vitro 
can be used for the target cell. This modified target cell can be 
reintroduced into the organism. The present invention further provides a 
method to derive cells or cell lines from mismatch repair deficient mice 
carrying a disruption in both copies of the Msh2 gene or another 
mismatch repair gene. 

[0016] The invention also provides the introduction of subtle 
modification of cell lines and cells derived from living organisms and 
temporarily cultured in vitro. Such subtle mutations may be introduced by 
targeting DNA that can be derived from the same species as the target 
cell and modified in vitro at specific sites to deliberately introduce 
sequence divergence. Alternatively, the targeting DNA can be derived 
from the same species as the target cell, where the DNA is non-isogenic 
with the target cell DNA, and where the two sequences differ up to 5% 
at the nucleotide level. In another embodiment, the targeting DNA can be 
derived from another species as the target cell, and targeting sequence 
and the target locus can differ by up to 30% sequence divergence in the 
region where homologous recombination can take place, wherein the 
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targeting DNA may be a chromosomal DNA fragment carried on a YAC or 
cosmid vector. In yet another embodiment, the targeting DNA is a 
double- or single-stranded oligonucleotide consisting of 10-100 bases or 
base pairs of which one or several bases or base pairs differ from the 
target locus. 

The targeting DNA may be constructed in such a way to allow the 
generation of deletions of chromosomal regions. A targeting construct 
thus may consist of any selectable marker gene flanked by two sequences 
that can combine with chromosomal loci: one flanking sequence being 
identical or highly homologous ( > 95% sequence identity) to a sequence 
of the genome of the target cell, the other flanking sequence being a so- 
called repetitive sequence. A repetitive sequence may be selected from a 
sequence having numerous diverged copies spread over the genome, such 
as a long interspersed element (LINE), a short interspersed element (SINE), 
e.g. an Alu sequence, or a transposon or retroviral sequence. 
Alternatively, a targeting construct may consist of any selectable marker 
gene flanked by two sequences, one being a sequence that acts as a 
telomere, the other flanking sequence being a repetitive sequence having 
numerous diverged copies are spread over the genome. 

Brief Description of the Drawings 

[0017] Fig. 1. Targeted disruption of the mouse Msh2 gene . 

[0018] A: Top: schematic diagram of the mouse Msh2 
protein. ATP binding and HTH: putative ATPase and helix turn 
helix domains, respectively (Valet et a/., 1994). The position at 
which the protein is disrupted by insertion of the Hyg maker is 
indicated. Bottom: the genomic Msh2 locus; indicated below is 
the targeting construct carrying the Hyg maker inserted into a 
unique SnaB I site within an exon sequence of Msh2. The 
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positions of the external probes used for detection of targeting 
events are indicated. 

[0019] B: The Msh2 locus in Ms/»2+/+ cell line wt-2, 
Msh2+/- cell line sMsh2-55 and Msh2V- cell line dMsh2-9. 
Genomic DNA of these cell lines was digested with EcoRl and 
analyzed by Southern hybridization using probe 1 (Fig. 1A). 
Arrowheads indicate the positions of the wild type (wt, 20 kbp), 
and disrupted (ko, 7.5 kbp) alleles. 
[0020] Fig. 2. Mismatch-binding activity in wild-type and Msh2- 

deficient cells . 

[0021] Binding activity in extracts of Ms/i2+/+ cell line wt-2 
and Msh2-/- cell line dmsh2-S to double-stranded 
oligonucleotides containing a mismatch (G.T, G.A, G.G, or A.C), 
an extrahelical dinucleotide (Extrahelical TG), or an extrahelical 
14-nucleotide loop (LOOP 14) and a Homoduplex was assessed 
using a gel retardation assay. Sequences of the oligonucleotides 
are given under Experimental Procedures. Arrowheads indicate 
the positions of mismatch-specific complexes. E2F: Binding to 
an oligonucleotide carrying an E2F site served as a positive 
control (Beijersbergen et al., 1995). 
[0022] Fig. 3. Microsatellite stability in wild-type and Ms/r2-deficient 

cells . 

[0023] Genomic DNA of 24 subclones derived from 
Msh2+/+ cell line wt-2 and Msh2-/- cell line dmsh2-9 was 
amplified by PCR using primer sets D7Mitl7 and DI4Mitl5. 
Arrowheads indicate microsatellite alleles with a detectable 
length alteration. 
[0024] Fig. 4. Tolerance of Msh2-deficient cells to the simple 

methvlatinq agent MNNG . 
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[0025] ES cell lines wt-2 (Afe/?2+/+), sMsh2-5S (Msh2+/-) and 
dMsh2-9 (Msh2-/-) were exposed to increasing amounts of MNNG for one 
hour in the presence of 0*-benzylguanine. After four days of incubation, 
cells were trypsinized and counted. 

Detailed Description of the Preferred Embodiments 

[0026] We now have demonstrated that in mammalian cells deficient 
for the DNA mismatch repair gene Msh2, homologous recombination has 
lost the requirement for complete sequence identity between exchanging 
DNA sequences. This finding provides a new method for modifying the 
eukaryotic genome using DNA targeting constructs which substantially 
differ from the target locus in the region where recombination takes place 
by genetically and/or functionally inactivating the cell's mismatch 
correction system. 

[0027] Because inactivation of the DNA mismatch repair system 
eliminates the requirement for DNA targeting constructs that are largely 
identical to the target locus, efficient genetic modification of both somatic 
cells and the germ line of outbred organisms is possible. The present 
technique thus provides a means for somatic gene therapy and the 
modification of eukaryotic species of which inbred strains are not easily 
available. Additionally, genomic sequences can be replaced by small 
oligonucleotides carrying one or more base pair alterations or by large 
chromosomal sequences derived from other species. Large deletions by 
intra- or extrachromosomal homologous recombination between repeated 
but diverged sequences can be created from the use of this method. 

The DNA mismatch repair system can be inactivated (1) by 
disrupting both copies of one of the genes essential to the mismatch 
repair system, (2) by introducing antisense RNA constructs, driven by an 
appropriate promoter, thus functionally inactivating one of the genes 
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essential for DNA mismatch repair, (3) by introducing a modified 
antisense oligodeoxynucleotide, thus functionally inactivating one of the 
genes essential for DNA mismatch repair, (4) by expression of a dominant 
negatively acting version of a gene involved in DNA mismatch repair, or 
(5) by saturation of the mismatch repair system through the introduction 
into the cell of DNA molecules carrying one or more mis- or unpaired 
bases. 

A gene targeting assay may be used to test whether the cellular 
mismatch repair system has been inactivated. This test compares the 
targeting efficiency of isogenic versus nonisogenic DNA targeting 
constructs or assesses intrachromosomal recombination between 
homologous, but diverged, DNA sequences. Further, homologous 
recombination can be tested by using an Embryonic Stem cell line or any 
other cell line in which the mismatch repair system is inactivated by 
disruption of one or both copies of the Msh2 gene or another mismatch 
repair gene. 

The targeting DNA may be constructed in such a way to allow the 
generation of deletions of chromosomal regions. A targeting construct 
thus may consist of any selectable marker gene flanked by two sequences 
that can combine with chromosomal loci: (1) one flanking sequence being 
identical or highly homologous (>95% sequence identity) to a sequence 
of the genome of the target cell, the other flanking sequence being a so- 
called repetitive sequence, or (2) one being a sequence that acts as a 
telomere, the other flanking sequence being a repetitive sequence. A 
repetitive sequence may be selected from a sequence having numerous 
diverged copies spread over the genome, such as a long interspersed 
element (LINE), a short interspersed element (SINE), e.g. an Alu sequence, 
or a transposon or retroviral sequence. Repetitive sequences are 
described in Watson et a/., 1995, for example. 
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[0028]] As described above, base sequence dissimilarities as modest as 
0.6% impose a strong barrier to efficient homologous recombination in 
mouse embryonic stem cells {(6)} [(Te Riele et al. r 1992)]. Suppression of 
homologous recombination by small base sequence (d i vorgonoioo) 
[divergences] was earlier observed in bacteria (£. coli, S. typhimurium and 
S. pneumoniae), yeast and mouse fibroblasts {(2 4 )} [(Schen, P., 1986; 
Nassif, IM., 1993; Waldman, A.S., 1988)]. The role of the DNA mismatch 
correction system in suppressing recombination between homologous but 
diverged sequences, was most dramatically demonstrated by Radman and 
coworkers in studying bacterial conjugation between the related but 
diverged species Escherichia coli and Salmonella typhimurium 
{^^[(Rayssiguier, C, 1989)]. This process relies on entry of 
chromosomal fragments of one species into the other and recombination 
of these fragments with the chromosome of the recipient bacterium. The 
sequence divergence between the two species is estimated to be 20-30% 
and therefore the recovery of exconjugants from an interspecies cross is 
about 2x10 5 [-]fold lower than from an intraspecies cross. However, the 
recovery of exconjugants from the interspecies cross increased 3x1 0 3 [- 
]fold if the recipient bacteria carried an inactivating mutation in either the 
mutS or mutL gene, both of which being essential for DNA mismatch 
correction. 

[[0029]] The central protein in DNA mismatch correction in E coli is 
encoded by the mutS gene {(£&}}[(Modrich, P., 1991)]. It recognizes and 
binds to base mispairs and small loops of up to four unpaired nucleotides. 
After binding to heteroduplex DNA, the MutS-DNA complex is bound by 
the mutL gene product which leads to excision of a tract of single- 
stranded DNA of up to several kilobases that contains the mispaired 
nucleotide(s). In this process also the mutU gene product plays a role, 
whereas the mutH gene product ensures removal of newly synthesized 
strands rather than parental strands. The repair process is completed by 
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(rooynthooio) [re-synthesis] of the excised strand and ligation of the 
remaining nick. Mismatch repair in E. coli is responsible for maintaining 
genome stability in at least two ways: 

[[0030]] i) by recognizing and repairing mis- and unpaired nucleotides 
that occur, respectively, by misincorporation and slippage during DNA 
replication; 

[[0031]] ii) by recognizing mismatches occurring in heteroduplexes 
formed at initial stages of recombination between homologous but not- 
identical sequences. 

[[0032]] This may either lead to blocking elongation of heteroduplex 
formation or dissociation of the heteroduplex thus aborting the 
recombination reaction. Consequently, E. coli strains defective for either 
mutS or mutLjy^ have a pleiotropic phenotype: an increased mutation 
rate, including destabilization of simple-sequence repeats and an increased 
rate of recombination between homologous but diverged DNA sequences. 
The latter phenotype is clearly manifested by the efficient recovery of 
recombinant bacteria resulting from conjugational crosses between the 
related but diverged species Escherichia coli and Salmonella typhimurium 
wherein the recipient bacterium was deficient for mutS or mutL 
{4£H"HR a Y ss '9 uier ' C. et a/., 1989)]. Also, the frequency of chromosomal 
rearrangements by ectopic recombination between diverged sequences is 
substantially elevated in mismatch repair deficient bacteria ((26).} [(Petit, 
M.A. etaL, 1991). 

[0033]] In many respects, the biochemistry of mismatch repair systems 
in eukaryotes resembles that of the E. coli mutS f L system. Homologs of 
both genes have been identified in yeast and mammalian cells. Based on 
mismatch binding in vitro, and on the mutator and recombinator 
phenotypes of Saccharomyces cerevisiae mutants, the protein encoded by 
the yeast MSH2 gene seems to be the functional (homolog of MutS (27 
[homologue of MutS (Reenan, R.A.G. et a/., 1992; Miret, J.J. et af., 
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1993; Alani, E. et al. f 1995)]. A homolog of the yeast MSH2 gene was 
identified in mammalian cells by analysis of a G -T-mismatch-binding 
activity, positional cloning and PCR amplification of mouse DNA using 
degenerate primers {(30).) [(Varlet, I. et aL, 1994).] Similarly, (homo l ogo) 
[homologues] of the £. coli mutL gene were identified in yeast and 
mammalian cells. 

[[0034]] Interestingly, inherited mutations in human mutS and mutL 
(homologo) [homologues] were recently found to be related to the cancer 
predisposition syndrome HNPCC (hereditary nonpolyposis colorectal 
cancer), which is characterized by development of tumors of the proximal 
colon at early age. In these tumors, mismatch repair is lost, as 
manifested by destabilization of simple sequence repeats, the replication 
error-positive (REFT) phenotype {44^4HModrich, P., 1994).] 



( I n order to invootigoto) 

[Experimental Methods used and Results 

[0035] We demonstrate: 

□ a method of the inactivation of the mismatch repair system 

by knocking out the function of msh2 gene; 

□ the consequences of the mismatch repair inhibition on the 

phenotype of the embryonic stem cells; 

□ the effect of inhibiting the mismatch repair system on 

recombination of diverged sequences; and 



□ 
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the effect of knockout of the msh2 genes on phenotype of a 



transgenic mouse. 



Knockout of msh2 gene in embryonic stem cells 

[0036] To demonstrate] the role of the mammalian Msh2 gene in DNA 
mismatch repair and to address the role of mismatch repair in maintaining 
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genome stability, we generated an ES cell line carrying a disruption in 
both copies of the mouse Msh2 gene. This line is designated dMsh2-9. 

ft t'o construction io doooribod in tho oooompQnvinq manuGoript: 
" I naot i votion of tho mouoo Moh2 gono rcou l to i n m i omatch repa i r 
defic i ency, mothvlotion to l oronoo, hyporrooombinot i on, and prodiopoo i tion 
to oonoor", by N i o l o do Wind, Mor l oon Dokkor, Anton Borno, M i roolav 
Ba dmon, ond Hoin tc Riolo, to bo publiohod in Ce ll , tho 2 8 th Ju l y, 1995 
ea-p agoo 6, 11. 27 ( l ogond to Fig. 1) and 30 (F i g. 1). 
Ao domonotrotod in tho manuooript, tho phonotvp i o oonGoquonooo o ff 
[Disruption of Msh2 in mouse ES cells 

[0037] Genomic Msh2 fragments were obtained by screening a 
1 290LA-derived genomic DNA library with a murine Msh2 cDNA probe 
(Varlet et al., 1994). The targeting construct was prepared by subcloning 
a 12.5 kbp BamH I fragment and inserting a hygromycin resistance gene 
(from PGKhyg, Te Riele et al., 1990) into the unique SnaB I site located 
within an exon sequence of Msh2. Cloning procedures were performed 
according to Sambrook et al. (1989). 

[0038] The targeting construct was separated from vector sequences 
by gel electrophoresis, purified by electroelution and introduced into 
1 290LA-derived ES cell line El 4 by electroporation as described (Te Riele 
et al., 1992). Electroporated cells were seeded onto gelatin-coated 10 
cm dishes (10 7 cells per plate) and subjected to hygromycin B selection 
(150 jig per ml) in BRL-conditioned medium (Hooper et al., 1987) the 
following day. After 10 days, individual hygromycin B-resistant colonies 
were randomly picked and expanded on mouse embryonic fibroblasts 
feeder layers. DNA was extracted from expanded colonies, digested with 
EcoR I and analyzed by Southern hybridization using probes flanking both 
sides of the targeting construct (Fig. 1A). Two cell lines were obtained 
out of 135 hygromycin B-resistant colonies showing bands diagnostic for 
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correct integration of the hyg marker between codons 588 and 589 of 
one copy of the Msh2 gene. These cell lines were designated sMsh2~42 
and sMsh2-55. One cell line obtained from this experiment, designated 
wt-2, carrying a randomly integrated hyg gene, was used as an Msh2 +/+ 
control. 

[0039] To obtain an ES cell line carrying a disruption in both copies of 
Msh2, 10 6 cells of cell line sMsh2-55 were plated onto 10 cm plates and 
cultured in BRL-conditioned medium containing 1.0 or 1.5 mg per ml of 
hygromycin B. After 12 days of culturing in selective medium and 7 days 
in non-selective medium, 24 colonies were obtained which had survived 
1 .5 mg per ml of hygromycin B. DNA was extracted from expanded 
colonies, digested with EcoR I and analyzed by Southern hybridization. 
One cell line, designated dMsh2-9, carried two disrupted Msh2 alleles, 
had lost the wild-type copy and contained the normal number of 
chromosomes. ES cell lines which had survived 1 .0 mg per ml of 
hygromycin B still contained one disrupted and one wild-type Msh2 copy. 
One of these Msh2 Jt/ ' lines was designated sMsh2-2*\ and used for several 
experiments. Diploidy of cell lines sMsh2-55 and dMsh2-9 was verified 
by karyotyping (not shown). 

[0040] No Msh2 transcript could be detected in ES cell line dMsh2-9 by 
Northern blotting (not shown), indicating that the hyg marker strongly 
suppressed Msh2 expression. The genotype of ES cell line dMsh2-9 will 

therefore be indicated by Msh2~ l \ 

[0041] To verify the absence of mismatch repair due to the knockout of 

both msh2 alleles the mismatch binding activity in the mismatch repair 

deficient msh-2-/- and wild-type cells was compared. 

[0042] Two different mismatch-binding activities have been described 

in mammalian cell extracts using gel-retardation assays: 

[0043] (i) An activity that recognizes G.T mismatches (Jiricny et al., 

1988: Stephenson and Karran, 1989; Griffin and Karran, 1993), an 
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extrahelical T.G dinucleotide (Aquilina et al.\ 1994) representing an 
intermediate in replicational slippage of a microsatellite and, weakly, G.A, 
G.G, A.C. and G.U mismatches (Stephenson and Karran, 1989: Hughes 
and Jiricny, 1992). 

[0044] (ii) In one cell line, an independent activity was detected that 
recognizes A.C mismatches and also pyrimidine-pyrimidine mismatches 
(Stephenson and Karran, 1989). Based on protein sequencing, the 
purified G.T-binding activity was shown to contain MSH2 protein 
(Palombo, et al. f 1994). 

[0045] To characterize the mismatch binding properties of the Msh2-/- 
ES cell line, we have performed gel-retardation assays using cell extracts 
of wild-type ES cell line wt-2 and Msh2-deficient line dMsh2-9. 
Gel shift assay 

[0046] Preparation of cell extracts, annealing of oligonucleotides, 
binding of cell extracts to duplex oligonucleotides containing mismatched 
or extrahelical nucleotides, and nondenaturing polyacrylamide gel 
electrophoresis were performed essentially as described (Stephenson and 
Karran, 1989). However, gel electrophoresis was performed in TAE 
buffer rather than in TBE buffer. To obtain duplex oligonucleotides, the 
oligonucleotide U: 5'- 

GGGAAGCTGCCAGGCCCCAGTGTCAGCCTCCTATGCTC-3' (sequences 
were derived from Aquilina et al., 1994) was radiolabeled and annealed 
with any of the following unlabeled oligonucleotides: L-G.T: 
5'GAGCATAGGAGGCTGACATTGGGGCCTGGCAGCTTCCC-3' (resulting 
in a G.T mismatch); L-G.A: 5'- 

GAGCATAGGAGGCTGACAATGGGGCCTGGCAGCTTCCCC-3' (resulting 
in a G.A mismatch); L-G.G: 5'- 

GAGCATAGGAGGCTGACAGTGGGGCCTGGCAGCTTCCC-3' (resulting in 
a G.G mismatch); L-A.C: 5'- 

GAGCATAGGAGGCTGACACCGGGGCCTGGACAGCTTCCC-3' (resulting 
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in an A.C mismatch); L-TG: 5'- 

GAGCATAGGAGGCTGACACTGTGGGGCCTGGCAGCTTCCC-3' (resulting 
in an extrahelical TG dinucleotide); L-HOM: 5'- 

GAGCATAGGAGGCTGACACTGGGGCCTGGCAGCTTCCCC-3' (resulting 
in a homoduplex); L-LOOP14: 5'- 

GAGCATAGGAGGCTGACACATACGTGAGTACTCTGGGGCCTGGCAGCT 
TCCC-3' (resulting in an IDL loop of 14 extrahelical nucleotides). In all 
assays, a twofold excess of unlabeled homoduplex competitor 
oligonucleotide was included. As a positive control, a duplex 
oligonucleotide containing the binding site for the E2F family of 
transcription factors was used (Beijersbergen et a/., 1995). 
[0047] Results of these experiments as shown in Fig. 2 clearly 
demonstrate binding activity in wild-type cell extracts to a G.T mismatch 
and to an extrahelical TG dinucleotide. Binding to both oligonucleotides 
was entirely absent in the extract of the Msh2-/- ES cell line, 
demonstrating the involvement of the Msh2 protein in this binding 
activity. As shown before (Hughes and Jiricny, 1992), binding was 
abolished by the inclusion of ATP in the binding reaction (not shown). 
We were unable to detect specific binding to G.A., G.G, or A.C 
mismatches under the conditions used in wild-type or mutant cell 
extracts. In addition, no Msh-2 dependent binding to a 14-nucleotide IDL 
was observed (Fig. 2). 

Microsatellite formation 

[0048] Subclones of ES cell lines dMsh2-9 and wt-2 were generated by 
seeding cells onto mouse embryonic fibroblasts feeder layers at a density 
of 10 3 cells per 10 cm 2 . At that time, the ES cell lines were in culture for 
approximately 20 divisions since their generation. Twenty-four colonies 
from each cell line were expanded. Chromosomal DNA was isolated and 
subjected to the polymerase chain reaction using two end-labeled primer 
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pairs (D14MH15 and D7Mit17, Dietrich et al., 1994). Amplified products 
were electrophoresed on a denaturing polyacrylamide gel. 
[00491 Whereas none of the wt-2 sublines showed any alteration in 
microsatellite length, clear length alterations in many dMsh2-9 sublines 
were seen for both microsatellites (8 out of 24 for marker D7Mit17 and 6 
out of 24 for marker D14Mit15, Fig. 3). This observation strongly 
suggests that the Msh2 protein is involved in the repair of slipped 
replication intermediates. The microsatellites-slippage rate was estimated 
to be 10" 2 to 10 3 per generation. 

Mutation Frequency 

[0050] The effect of loss of the Msh2 gene on the mutation frequency 
of a functional gene was analysed. To this purpose, 6x1 0 6 cells of ES cell 
lines dmsh2-9 and wt-2 were plated onto 486 cm 2 gelatin-coated tissue 
culture surface in BRL-conditioned medium. After two days, 6- 
Thioguanine (6-TG) was added at a concentration of 10 |uig per ml to 
select for cells that have lost activity of the X-linked Hprt gene by 
mutation. After two weeks the number of resistance colonies was 
counted. 

[0051] Whereas no 6-TG-resistant colonies were seen in the wt-2 
culture, 188 resistant colonies were present in the dMsh2-9 culture. This 
result extends the mutator phenotype of Msh2-/- cells to functional genes. 

Tolerance to N-methvl-N^nitro-N-nitrosoquanidine (MINING) 
[0052] Mismatch Repair (MMR) was suggested to mediate 
hypersentivity to agents that methylate G residues at the 0 6 position. It is 
believed that MMR recognizes the 0 6 ~meG-T misrepair that occurs after 
erroneous incorporation of a thymidine nucleotide opposite to 0 6 -meG 
during replication (Griffin et al. 1994). This is supposedly followed by 
excision and repair synthesis, again incorporating thyamidine opposite to 



-23- 



Atty. Docket No.: 065691-0230 



0 6 -meG, triggering a new round of MMR. The net result of this cycling 
between excision and resynthesis will be the presence of single-stranded 
regions at the site of 0 6 -meG which will lead to double-stranded gaps 
when replicated during S phase, resulting in cell death (for reviews, see 
Karran and Bignami, 1992; Karran and Bignami, 1994). 
[0053] It is predicted that loss of MMR will present this process, thus 
conferring tolerance to simple methylating agents. To test this hypothesis 
directly, survival of Msh2-/- cell line dMsh2-9, Msh+ 1- cell line Msh2-21 
and wild-type cell line wt-2 was determined after exposure to a range of 
concentration of N-methyl-N 1 -nitro-N-nitrosoguanidine (MNNG). 
[0054] ES cell lines dMsh2-9, sMsh2-21 and wt-2 were seeded onto 
MEF feder layers (mouse embryo fibroblast cells) at a density of 10 3 cells 
per 4 cm 3 . The following day, cells were exposed for one hour to MNNG 
ranging in concentration from 0 to 36.45 jiM in serum-free medium. 
After 4 days of incubation, cells were trypsinized, stained with Trypan 
blue and counted. During the whole procedure from one hour before 
exposure to MNNG, 0 6 benzylguanine (20 \xM) was included in the 
medium in order to competively inhibit endogenous methyltransfarase 
activity that might otherwise remove the methyl groups added by MNNG 
(Dolan et aL. 1990). 

[0055] Fig. 4 shows that the LDso for MNNG was increased 20-fold in 
the Msh-/- cell line compared to the heterozygous and wild-type cell lines, 
directly proving the involvement of Msh2 in determining cellular sensitivity 
to MNNG. Heterozygous cell line sMsh2-21 displayed no increased 
tolerance to MNNG. 

[0056] The phenotypic consequences of an] Msh2 deficiency in mouse 
embryonic stem cells provide clear evidence for an essential role of Msh2 
in mammalian DNA mismatch repair. First, Ms/?2-deficient ES cells lack 
binding activity to a double stranded 38-mer oligonucleotide carrying a 
G-T mismatch or an unpaired TG-f)dinucleotid o([pogoo 6, 15, 27 ( l ogond 
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to Fig. 2) and 30} [. Based on protein sequencing, the purified G.T-binding 
activity was shown to contain the Msh2 protein (Palombo et aL, 1994). 
To characterize the mismatch binding properties of the Msh2-/- ES cell 
line, we have performed gel-retardation assays using cell extracts of wild- 
type ES cell line wt-2 and Ms/r2-deficient line dMsh2-9. Extracts were 
incubated with radiolabeled 38-mer double-stranded oligonucleotides 
containing either a mismatch, an extrahelical dinucleotide, or a 14- 
nucleotide insertion-deletion-type loop (IDL), followed by electrophoresis 
on a nondenaturing polyacrylamide gel. Results of these experiments as 
shown in Fig. 2 clearly demonstrate binding activity in wild-type cell 
extracts to a G.T mismatch and to an extrahelical TG dinucleotide. 
Binding to both oligonucleotides was entirely absent in the extract of the 
Msh2-/- ES cell line, demonstrating the involvement of the Msh2 protein 
in this binding activity. As shown before (Hughes and Journey, 1992), 
binding was abolished by the inclusion of ATP in the binding reaction (not 
shown). We were unable to detect specific binding to G.A, G.G, or A.C 
mismatches under the conditions used in wild-type or mutant cell 
extracts. In addition, no Ms/?2-dependent binding to a 14-nucleotide IDL 
was observed] (Fig. 2){i}. 

[[0057]] Second, Ms/?2-deficient ES cells have a mutator phenotype as 
evidenced by an at least 1 50-fold increase in the number of cells resistant 
to 6-thioguanine, indicating mutational inactivation of the X-linked Hprt 
gene. Moreover, microsatellite length instability was observed in 
subclones derived from the Ms/?2-deficient ES cell line, but not in 
subclones derived from wild-type ES cells ([pagoo 7, 15, 27 (logond to 
Fig.3) and 30 (Fig.3)].} [. Whereas none of the wt-2 sublines showed any 
alteration in microsatellite length, clear length alterations in many dMsh2- 
9 sublines were seen for both microsatellites (8 out of 24 for maker 
D7MH17 and 6 out of 24 for marker DI4MM5. Fig.3). This observation 
strongly suggests that the Msh2 protein is involved in the repair of slipped 
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replication intermediates. The microsatellite-slippage rate was estimated 
to be 10- 2 to 10- 3 per generation. We subsequently investigated the 
effect of loss of the Msh2 gene on the mutation frequency of a functional 
gene. To this purpose, 6x 10 6 cells of cell lines wt-2 and dMsh2-S were 
plated in the presence of 6-thioguanine (6-TG) to select for cells that have 
lost activity of the X-linked Hprt gene by mutation. Whereas no 6-TG- 
resistant colonies were seen in the wt-2 culture, 188 resistant colonies 
were present in the dMsh2-9 culture. This result extends the mutator 
phenotype of Msh2-/- cells to functional genes. 
[0058]] Third, Ms/?2-deficient ES cells resisted a 20-fold higher 
concentration of the methylating agent N-Methyl-N'-Nitro-N- 
Nitrosoguanidine than wild-type ES cells ([pagoo 7/8, 16, 27 ( l egend to 
F i g. 4 ) ond 31 (Fig. 4)].} [. MMR was suggested to mediate 
hypersensitivity to agents that methylate G residues at the O 6 position. It 
is believed that MMR recognizes the 0 6 -meG.T mispair that occurs after 
erroneous incorporation of a thymidine nucleotide opposite to 0 6 -meG 
during replication (Griffin et af., 1994). This is supposedly followed by 
excision and repair synthesis, again incorporating thymidine opposite to 
0 6 -meG, triggering a new round of MMR. The net result of this cycling 
between excision and re-synthesis will be the presence of single-stranded 
regions at the site of 0 6 -meG residues which will lead to double-stranded 
gaps when replicated during S phase, resulting in ceil death (for reviews, 
see Karran and Bignami, 1992; Karran and Bignami, 1994). 
[0059] It is predicted that loss of MMR will prevent this process, thus 
conferring tolerance to simple methylating agents. To test this hypothesis 
directly, survival of Msh2-/- cell line dMsh2-9, Msh+/- cell line Ms/>2-21 
and wild-type cell line wt-2 was determined after exposure to a range of 
concentrations of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG). 
[0060] In the growth medium, 0 6 -benzylguanine was included to 
competitively inhibit endogenous methyltransferase activity that might 
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otherwise remove the methyl groups added by MNNG (Dolan et a/., 
1990). Fig. 4 shows that the LD 50 for MNNG was increased 20-fold in 
the Msh2-/- cell line compared to the heterozygous and wild-type cell 
lines, directly proving the involvement of Msh2 in determining cellular 
sensitivity to MNNG. Heterozygous cell line sMsh2-2\ displayed no 
increased tolerance to MNNG. 

[0061]] Fourth, mice bred to homozygosity for the disrupted Msh2 
allele, originally generated in ES cells, were highly predisposed to 
tumorigenesis ([pagoo 9, 14/15, and 29 (Tob l o 2)1. ) [. In £. coli (Shen and 
Huang, 1986), Drosophila (Nassif and Engels, 1993) and mammalian cells 
(Waldman and Liskay, 1988, Te Riele et al., 1992), the efficiency of 
recombination between homologous DNA stretches is highly dependent 
on their sequence identity. We have previously demonstrated that in a 
gene targeting assay, homologous recombination at the Retinoblastoma 
(Rb) locus in ES cells, derived from mouse strain 129, was 50-fold more 
efficient with a 1 29-derived targeting construct than with a construct 
derived from a non-isogenic (BALB/c) mouse strain (Te Riele et a/., 1992; 
Table 1). This construct contained 0.6% base sequence divergence with 
respect to the isogenic 129 construct. To provide additional evidence 
that suppression of recombination was solely dependent on the 
polymorphisms between the endogenous locus and the targeting DNA, we 
performed the inverse experiment, i.e. targeting of a BALB/c-derived ES 
cell line with the 129- and BALB/c-derived constructs.] 
(Thuo) 

[[0062] This experiment yielded the inverse result, i.e. a higher 
targeting efficiency with the BALB/c targeting construct than with the 
non-isogenic 129 targeting construct (Table 1). To investigate whether 
MMR is responsible for this anti-recombination effect, we have repeated 
the Rb targeting experiment in the (1 29-derived) ES cell line dMsh2-9. 
We found that in the Msh2-I- cell line homologous recombination at the 
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Rb locus with the non-isogenic construct was as efficient as with the 
isogenic construct (Table 1). This experiment demonstrates that Msh2 is 
involved in preventing homologous recombination between diverged DNA 
sequences. 

[0063] To study the effect of MMR deficiency on the development of 
cancer, Msh2+/- ES cell lines sMsh2-55 and sMsh2-42 and Msh2V- ES 
cell line dMsh2-9 were used to generate chimeric mice. Both the Msh2 
single and double knock-out ES cells gave rise to healthy animals with 
coat-color chimerism of 20 to 70 %. This result suggests that MMR 
deficiency did not alter the capacity of the ES cells to compete with wild- 
type cells in chimeric development. 

[0064] Msh2+/- chimeras were found to transmit the mutant allele 
through the germ line resulting in Msh2 heterozygous Fl mice. These 
mice, which may serve as a model for HNPCC, were healthy up to at least 
8 months of age (Table 2). Intercrossing of Msh2+/- mice resulted in 
Msh2-/- mice according to a normal Mendelian distribution: they were 
healthy at birth and fertile. However, 30% of the Msh2-/- mice developed 
metastasizing lymphomas of T-cell origin with a peak at 2 months of age 
(Table 2). In addition, one mouse suffered from generalized histiocytic 
sarcoma at 3.5 months of age. Extensive histological analyses of these 
mice did not reveal any other abnormality. Also healthy Msh2-/- mice 
sacrificed at 2 months of age were histologically normal and had normal 
B- and T-cell populations as evidenced by FACS analysis. 
[0065] Accordingly], disruption of Msh2 leads to inactivation of 
mammalian DNA mismatch repair. 

[[0066]] By using a gene targeting assay, we demonstrated that it is 
the mammalian DNA mismatch repair system which is responsible for 
suppressing homologous recombination between sequences differing as 
little as 0.6% at the nucleotide level. As described above, homologous 
recombination at the Rb locus with an isogenic DNA targeting construct 
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was 50-fold more efficient than with a similar, but nonisogenic construct 
containing on the average 0.6% sequence divergence with respect to the 
target locus ((5)} [(Te Riele, H. et al., 1992)]. However, in Ms/?2-deficient 
ES cells, homologous recombination at Rb with the nonisogenic targeting 
construct was as efficient as with the isogenic construct {[ooo tho 
Qooompony i ng monuooript: 

" I nootivation of tho mouoo Moh2 gono roou l to i n miomotoh repair 
dofio i onoy, mothy l at i on to l oronoo, hyporrooombinotion, and prodiopoo i tion 
to oonoor", by Nio l o do Wind, Mor l oon Dokkor, Anton Borno, Miroolov 
Rodman, and Horn to Rio l o [pogoo 8/0, 16, 28 (Table 1)]. 
Thio oxporimont domonotrotoo that i t io tho mammalian DNA miomotoh 
repair oyotom whioh io involved in preventing recombination botwoon 
homologouo but diverged DNA ooquonooo. 

Thio finding providoo a method for modify i ng tho mamma l ian gonomo but 
a l oo tho gonomo of any other oukaryotio organ i om via homo l ogouo 
rooombination uoing DNA targeting ooquonooo that oubotantial l y differ 
from tho target loouo w i th roopoot to tho nuolootido ooquonoo, by gonotio 
or functional inootivation of tho oo ll 'o m i omatoh repair oyotom. 
GENET I C MOD I F I CAT I ON OF EUKARYOT I C CELLS USING DNA 
CONSTRUCTS W I TH SUBSTANT I AL BASE SEQUENCE D I FFERENCES 
W I TH RESPECT TO THE TARGET LOCUS. 
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Summary 

To invootigoto tho rolo of tho prooumod DNA miomatoh repa i r (MMR) gono 
Moh2 in gonomo otabi l ity and tumorigonooio, wo havo gonoratod ool l o and 
mioo that aro dof i oiont for tho gono. Moh2 dof i oiont oo ll o havo l oot 
m i omatoh binding, and havo ooquirod mioroooto ll ito inotabi l ity, a mutator 
phonotypo and to l oranoo to mothy l ating agonto. Moroovor, in thooo ool l o, 
homologouo rooombination hao l oot dopondonoo on oomp l oto identity 
botwoon intoraot i ng DNA ooquonooo, ouggooting that Moh2 io involved in 
oafoguarding tho gonomo from promioououo rooombination. Moh2 
dof i oiont mioo diop l ay no major abnorma li tioo, but a o i gnif i oont froot i on 
dovolopo l ymphomoo at oarly ago. Thuo, Moh2 io invo l ved in MMR, 
contro l ling oovora l aopooto of gonomo otability; looo of MMR contro l led 
gonomo otab il ity prodiopoooo to oanocr. 
Introduction 

Canoor i o tho ondpo i nt of an evo l utionary prooooo in wh i oh norma l ocl l o 
aoquiro fu ll ma l ignancy by cumulative gonotio or opi gonotio a l torationo, 
each conforr i ng proliforativo, invaoivo or motaotat i o potent i al to tho oo ll . In 
ooloroota l oonoor, at l oaot oix independent tronoforming mutotiono in 
onoogonoo or tumor oupproooor gonoo ore roqu i rod for a oo l l to develop 
into a fu ll y ma l ignant tumor (rev i ewed by Vogo l otoin and K i nz l or, 1993). 
Thio evo l ut i onary prooooo might bo dramatica ll y aooo l oratod by tho oar l y 
looo of oyotomo that oafeguard gonomo otabil i ty, rcoult i ng in an inoroaood 
rato of mutagoncoio and ohromooornol roorrongomcnto ( H ortwol l , 1 092 
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and Loob, 1994). In support of this hypothoo i o, a number of hereditary 
oonoor prodiopooition oyndromoo are attr i buted to dofooto in DMA repair. 
Two of those aro Hereditary Nonpo l ypooio Co l oroota l Canoor (HNPCC) and 
Muir Torro syndrome, wh i oh are character i zed by the deve l opment of 
tumors of the proxima l co l on at early ago. Also oanoors of other parts of 
the gastrointestina l traot and of tho genitourinary traot aro often found 
(Lynch ot a l ., 1993). Muir Torro patients are, in addition, prone to oanoors 
of tho sobaooous g l ands and tho skin (Cohen ot a l ., 1991). I ndiv i dua l s 
affected by one of those syndromes have most l i ke l y inher i ted a mutant 
a ll e l e of either ono of four m i smatch repair (MMR) re l ated genes ca ll ed 
MSH2, MLH1, PMS1 or PMS2 (Leaoh et a l ., 1993; Bronncr ot a l ., 1991; 
Kolodnor ot a l ., 199*1; Liu et oL, 199*1, Nioo l aidos et a l ., 1991; 
Papadopou l os ot a l ., 1994; Kolodnor ct a l ., 1995; rev i ewed by J i r i ony, 
199 4 and by Modr i oh, 199 4 ). I n tumors of those patients, MMR is lost, 
presumab l y through inaotivation or l oss of tho wild typo a ll e l e (Leaoh ot 
a l ., 1993; N i oolaidos ot a l ., 1994; Papadopou l os ot al., 199 4 ; Homm i nki 
ot a l . 1991). Tho mechanisms of l oss of MMR, tho cause of tho apparent 
tissue spoo i f i oity of tumor i gonosis and tho ro l e of l oss of MMR i n tho 
evo l ut i on of a norma l co ll to fu ll y mal i gnant tumors aro stil l obsouro. 
Moreover, recent data suggest that MMR is frequent l y lost i n many typos 
of sporad i c tumors (Han ot a l ., 1993; Parsons ot a l ., 1993: R i s i ngor ot a l ., 
1991; Chong ot al., 1991; Mironov ct a l ., 1991: Orth ot al., 1991: 
Shibata ot a l ., 1994: Suzuk i ot a l ., 1991; Umar ot a l ., 1991b; Wada ot 
a l ., 1 991; Woostor ot a l ., 1 99 4 ; L i u ot a l ., 1 995). This supports tho 
not i on that loss of MMR may p l ay a genera l ro l o i n tumor evo l ution. 
Tho best stud i ed MMR system w i th respect to both gonot i os and 
b i oohomistry is tho mutSL pathway of Escherichia oo l i (roviowod by 
Modrioh, 1991). Contro l in th i s pathway i s tho prote i n onoodod by tho 
mutS gone, wh i oh binds to base m i spa i rs and to loops of up to four 
unpaired nuo l oot i dos. After b i nd i ng to tho hoterodup l ox, tho MutS DNA 
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oomplox io bound by tho mutL gono produot, tr i gger i ng oxo i oion of q tract 
of oing l o otrondod DNA of up to oovora l k il oboooo thot oontoino tho 
miomotohod nuoloot i do(o). Tho repair prooooo io oomp l otod by rooynthoo i o 
of tho oxo i ood DNA otrand and li gation of tho romaining n i ok. MMR i n E, 
oo l i i o roopono i b l o for mainta i n i ng gonomo i ntegr i ty in at l oaot two woyo: 
(i) by rooogniz i ng and repairing m i opairod and oxtroho l ioa l nuo l oot i doo that 
ooour by, roopoot i vo l y, m i o i noorporot i on and o l ippago during rep l ication 
and (i i ) by rooognizing miomatohoo ooourring in rooombinat i on 
intormodiatoo between homo l ogouo but d i verged ooquonooo, l oad i ng to 
abortion of rooombination. Gonooqucnt l y, E. oo l i otroino deficient for e i ther 
mutS or mutL have a p l oiotropio phonotypo: an incroaood mutation rato, 
inc l uding dootabi li zation of oimp l o ooquonoo ropoato (aloo ca ll ed 
m i oroGatc ll itoG; tho 'Rep l ication Error 7 , or RER l — phonotypo) and 
promiscuity in intor and intragonomio rooomb i nat i on (tho rooombinator 
phonotypo, Royoo i guicr ot o l ., 1989; Petit ot a l ., 1991). 
I n many roopooto the bioohomiotry of MMR oyotomo in cukaryotco 
rooomb l oo that of tho mutSL oyotom (Holmoo ct a l ., 1990; Var l ct ot a l ., 
1990; Thomoo ot a l ., 1991; Fang and Modrioh, 1993). Homo l ogo of both 
mutS and mutL wore found i n oukaryotoo. Based on miomotoh binding i n 
vitro and on tho mutator and rooomb i nator phonotypoo of Saooharomyooo 
oorovioioo mutonto, tho protein encoded by tho yooot MSH2 gone (Roonan 
and Ko l odnor, 1992a) ooomo to bo tho functiona l homo l og of MutS 
(Recnan and Ko l odnor, 1 992b; Mirot ct a l , 1 993: A l ani ot a l ., 1 995). I n 
higher oukaryotoo (Xonopuo l aovio, mouoo and human) homo l ogo of tho 
yooot MSH2 gone have rooont l y boon i dent i f i ed, baood on cither ooquonoo 
homology, direct ooquono i ng of tho major miomotoh b i nd i ng prote i n or by 
poo i t i ona l oloning (Fioho l ot a l ,, 1993; Loach ot a l ., 1993; Pa l ombo ot a l ., 
199 4 ; Va l ot ot a l ., 199 4 ). An apparent d i fference botwoon MutS and 
MSH2, i o tho b i nding of tho oukaryoo i o prote i n, when ovorproduood and 
purified from E. oo l i or yooot, to otrotohoo of up to 14 cxtraho li oa l 
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nuo l ootidoo (go ool l od inoort i on de l etion typo l oopo, or I DLo) i n vitro (F i oho l 
ot o l ., 199 4 b; A l ani ot ol., 1995), ouggootivo of q ro l o for Moh2 i n tho 
repair of thooo l oopo (Umar ot o l , 199 4 ). Eukoryot i o homologo of tho mutL 
gono, oo ll od MLH1, PMS1 and PMS2 hovo boon ana l yzed in yooot (Kromor 
ot ol., 1989a; Kramor ot a l ., 1989b; Strand ot ol., 1093; Pro ll o ot o l ., 
1994c; Prol l o ot a l ., 1994b) and human oo l lo (Li and Modrioh. 1995). 
Tho prooioo ro l o of thooo mutS and mutL homologo i n MMR and tho rolo 
of MMR in tho ma i ntonanoo of gonomo stabi li ty i n mamma l ian oo ll o remain 
to bo ootab l iohod. I n add i tion, tho oauoat i vo ro l o of MMR in oo ll u l or 
oono i t i vity to o i mplo mothy l at i ng agonto. ao wao ouggootod by tho l ooo of 
MMR aftor oolootion of oo ll o for to l oranoo to thooo agonto (Branoh ot al., 
1993; Kat ot al., 1993) and by tho mothylat i on to l oranoo of a MMR 
dof i o i ont rumor ooll l ino (Ko i ot a l ., 199 4 ) roma i no to bo explored. 
To invootigato tho invo l vomont of Moh2 in mamma l ian MMR and tho ro l oo 
of MMR i n maintaining genome otobi l ity wo havo gonoratod mouoo 
Embryonic Stom (ES) oo l l li noo which l ook both oopioo of tho Moh2 gono. 
Wo show that Moh2 dofioiont oo ll o look binding to oomo opoo i f i o 
miomatohoo, havo acqu i red a mutator phonotypo and are to l erant to 
oimp l o mothy l at i ng agonto. Moroovor, thooo oo ll o havo loot tho barrier to 
rooombination bctwoon homo l ogouo but d i verged ooquonooo. Taken 
together, thooo roou l to ouggoot that MMR i o oooontio l for tho prooorvation 
of mu l tip l e aopooto of gonomo otob il ity in mamma li an oo ll o. 
To otudy tho effect of MMR dof i oionoy on tho etio l ogy and evo l ut i on of 
oanoor wo gonoratod m i oo l ooking ono or both oop i oo of tho Moh2 gono in 
part or all of their oo ll o. A l though hotorozygouo mioo, a modo l for HNPCC, 
rema i n hea l thy to at l oaot 8 montho of ago, a o i gnifioont fract i on of both 
ohimor i o and fu ll y homozygouo Moh2 knook out m i oo ouooumbo to 
lymphomoG. Thooo roou l to provide ov i donoo that l ooo of MMR oontro ll od 
gonomo otob ili ty oan aooo l orato tho deve l opment of oanoor. 
Roou l to 
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Torgotod dioruption of tho Moh2 gono in mouoo ES oo l lo 
Hotorozygouo ES oo ll li nco oMoh2 4 2 and oMoh2 55, oorrying o 
hygromyoin roo i otonoo gono inoortod botwoon oodono 5 8 8 and 5 8 9 of ono 
allolo of tho Moh2 gono, woro gonorotod by gono targeting uoing tho 
oonotruot ohown in Fig. 1 A. Coll l ino dMoh2 9, oorrying tho hyg marker in 
both al l o l oo of tho Moh2 gono, woo obtained by oolooting ooll l i no oMoh2 
55 for dup li cat i on of tho ohromooomo oorry i ng tho torgotod Moh2 o ll olo at 
an o l ovatcd hygromyoin B concentrat i on, a method that wao prov i ouo l y 
ohown to bo effective uoing tho noomyo i nrooiotonco maker (Mortonoon ot 
o l ., 1992). Targeting ovonto woro dotootcd by Southern b l ot ana l yoio, 
uoing proboo f l ank i ng both oidoo of tho targeting oonotruot (Fig. 1 A). An 
example of ouoh a Southern b l ot, domonotrating tho otatuo of tho Msh2 
al l o l oo in ool l linoo wt 2 (a contro l ooll lino with tho target i ng oonotruot 
intogrotod by non homo l ogouo rooombinot i on), oMoh2 55 and dMoh2 9 io 
ohown in Fig. I B. Diploidy of co ll l i noo oMoh2 55 and dMoh2 9 wao 
verified by karyotyping (not ohown). 

Tho hyg marker wao inoortod, in tho antioonoo orientation, N termina ll y of 
tho putative ATP binding oito (F i g. 1 A) i n a region where (in tho human 
gono) trunoationo woro found in many HMPCC tumoro (L i u ot o l ., 1994). 
Moreover, no Moh2 tranooript oould bo dotootcd i n ES oo ll l ino dMoh2 0 
by Northern b l ott i ng (not ohown), indicating that tho hyg marker otrong l y 
oupprooood Moh2 oxprooo i on. Tho genotype of ES ooll lino dMoh2 9 wi ll 
thoroforo bo indicated by Moh2 / . 
M i omatoh binding in Moh2 / oo ll o 

Two different miomatoh binding oot i vitioo hovo boon doooribod in 
mammalian ooll oxtraoto uoing ge l retardation aooayo: (i) An aot i vity that 
rooogniooo G.T miomatohoo (J i riony ot o l ., 1988; Stophonoon and Korron, 
19 8 9; Griffin and Karran, 1993), an oxtraho li ool TG d i nuo l ootido (Aqu ili no 
ot o l ; 199 4 ) roprooont i ng on intermediate i n roplioot i onol o l ippago of a 
m i oroooto l l i to and, weakly, G.A, G.G, A.C and G.U miomatohoo 
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(Stophcnson ond Karran, 1Q8Q; Hughoo ond J i riony, 1992). (ii) I n ono oo ll 
l i no, on indopondont ootivity woo dotootod that recognizee A.C 
miomotahoo and aloo pyrimid i no - pyrimid i no mismatches (Stophonoon end 
Korron, 1989). Bosod on protein sequencing, the purified G.T binding 
ootivity woo ohown to contain tho MSH2 protoin (Fa l ombo ct o l ., 1994). 
To characterize tho miomotohbind i ng properties of the Moh2 / ES oo ll 
l ino, wo hovo performed gol retardat i on oooayo using oo ll oxtrooto of wild 
typo ES oo ll l ino wt 2 and Moh2 dof i o i ont li no dMoh2 9. Extraoto woro 
incubated with radiolobol l od 38 mor doub l e stranded oligonuo l eotidoo 
containing either a mismatch, an oxtraholioo l dinuo l ootido, or a 1 1 
nuolcotido inoort i on deletion typo loop ( I DL), fo l lowed by electrophoresis 
on a nondonoturing po l yoorylornido gel. Results of those experiments as 
shown in Fig. 2 c l early demonstrate binding ootivity in wild typo oo ll 
oxtroots to a G.T mismatch and to an oxtrahc l ioa l TG dinuo l ootido. 
Binding to both oligonucleotides was entirely absent in tho oxtroot of tho 
Moh2 / ES oo l l lino, demonstrating tho involvement of tho Moh2 protein 
in this b i nding ootivity. As shown before (Hughoo and Jiriony, 1992), 
binding was abolished by tho inolusion of ATP in the bind i ng roaotion (not 
shown). Wo woro unable to detect opooifio bind i ng to G.A, G.G, or A.C 
miomatohoo under tho cond i t i ons used in wild type or mutant ooll 
extracts. In add i t i on, no Msh2 dependent binding to a 1 1 nuolcot i do IDL 
was obsorvod (Fig. 2). 
Moh2 / oollo hovo a mutator phonotypo 

Tho Msh2 / ooll lino was indistingu i shab l e from tho wild typo ool l l ino wt 
2 and tho parental heterozygous ooll lino oMsh2 55 with rcspoot to 
growth and p l at i ng efficiency (not shown). To address tho ro l e of Moh2 in 
MMR, wo determined tho stabi l ity of two miorosato ll ito markers in Msh2 
/ ool l lino dMoh2 9 and Msh2 i / l lino wt 2. For th i s purpose, 2*1 
subolonoo woro derived of oaoh oo l l lino, which had undergone 
approximately 20 ooir d i vis i ons sinoo its gonoration. Chromosoma l DNA, 
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ioolotod from oooh oxpondod oubo l ono woo oubjootod to tho po l ymorooo 
ohoin roootion (PGR) uoing two ond l obollod primor poiro (D7Mit l 7 and 
D I4 Mit15; Diotrioh ot o l ., 1994). Whorooo nono of tho wt 2 oub l inoo 
ohowod any oltoration in mioroootollito l ength, oloor longth o l torotiono in 
mony dMoh2 9 oub l inoo woro ooon for both mioroooto ll itoo ( 8 out of 24 
for mokor D7M i t17 ond 6 out of 21 for morkor DMM i tIB, Fig.3), Thio 
oboorvot i on otrong l y ouggooto that tho Moh2 protoin io i nvo l ved i n tho 
ropoir of o li ppod rop l iootion intormod i otoo. Tho m i oroootol l ito o l ippogo roto 
woo ootimotod to bo 10 2 to 10 2 to 10 3 por generation. 
Wo oubooquontly invootigotod tho offoot of l ooo of tho Moh2 gono on tho 
mutat i on froquonoy of o functiona l gono. To thio purpooo, 6x 106 oo ll o of 
oo l l l inoo wt 2 and dMoh2 9 woro p l atod in tho prooonoo of 6 thioguonino 
(6 TG) to ooloot for oo ll o that havo l oot activity of tho X l i nked Hprt gono 
by mutation. Whoroao no 6 TG rooiotant oo l onioo woro ooon in tho wt 2 
cu l ture. 188 rooiotant oo l on i oo woro prooont in the dMoh2 9 culture. Thio 
roou l t oxtondo tho mutator phonotypo of Moh2 / oollo to funotiona l gonoo. 
Moh2 / oo ll o aro tolerant to N mothyl N' nitro N nitroooguanid i no (MNNG) 
MMR woo ouggootod to mediate hyporoonoitiv i ty to agonto that mothy l ato 
G rooiduoo at tho 06 poo i t i on. It i o believed that MMR rooogniooo tho 06 
moG.T miopair that ooouro aftor orronoouo i ncorporation of a thym i dine 
nuolootido oppooito to 06 moG during rep l icat i on (Griffin ot o l ., 1991). 
Thio io ouppooodly fo ll owed by oxoioion and repair oynthooio, again 
incorporating thymidine oppoo i to to 06 moG, triggering a now round of 
MMR. Tho not rooult of thio oyo li ng between oxo i o i on and rooynthoo i o will 
bo tho prooonoo of oing l o otrandod rog i ono at tho o i to of 06 moG roo i duoo 
whioh wi l l l oad to double otrandod gapo when roplioatod during S phaoo, 
rooulting i n oo ll death (for roviowo, oco Karran and B i gnomi, 1 992; Karran 
and B i gnom i , 1 9 94). I t io prod i otod that l ooo of MMR w ill prevent th i o 
prooooo, thuo oonforr i ng tolerance to oimplo mothy l at i ng agonto. To toot 
thio hypothoo i o d i root l y, ourvival of Moh2 / oo ll lino dMoh2 9, Moh I / oo ll 
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l ino sMGh2 2 1 and w il d typo oo l l li no wt 2 woo determined aftor oxpoouro 
to o rongo of oonoontrotiono of N methy l NT nitro N n i troooguan i dino 
(MNNG). In tho growth medium, 06 bonzy l guonino was i noludod to 
oompotit i vo l y inhibit endogenous mothyltranoforooo ootivity that might 
othorw i oo remove tho methy l groups added by MNNG (Dolon ot o l ., 
1000). Fig. A ohowo that tho LD50 for MNNG was inoroaood 20 fold in 
tho Moh2 / ool l lino oomporod to tho hotorozygouo and wild typo ool l 
li noo, diroot l y proving tho invo l vement of Moh2 i n determin i ng oo ll ular 
sono i t i v i ty to MNNG. Hotorozygouo ool l li no oMoh2 21 diop l ayod no 
i noroaood toloronoo to MNNG. 

Logo of oupprcooion of rooomb i nation between diverged ocquonooo i n 
Moh2 / oollo} [. 

Recombination of Diverged Sequences 

[0067]] In E. coli (Shen and Huang, 1986), Drosophila (Nassif and 
Engels, 1993) and mammalian!,] cells (Waldman and Liskay, 1988, Te 
Riele et al[.\, 1992), the efficiency of recombination between homologous 
DNA stretches is highly dependent on their sequence identity. We have 
previously demonstrated that in a gene targeting assay, homologous 
recombination at the Retinoblastoma (Rb) locus in ES cells, derived from 
mouse strain 129, was 50-fold more efficient with a 1 29-derived 
targeting construct than with a construct derived from a (nonioogonio 
[non-isogenic] (BALB/c) mouse strain (Te Riele et a/[.], 1992; (Table 1). 
This construct contained 0.6% base sequence divergence with respect to 
the isogenic 1 29 construct. To provide additional evidence that 
suppression of recombination was solely dependent on the polymorphisms 
between the endogenous locus and the targeting DNA (, wo performed} 
the inverse experiment, i.e. targeting of a BALB/c-derived ES cell line with 
the 129- and BALB/c-derived constructs-fr} [was performed. 
[0068] Targeting and subsequent analysis of the Rb locus in a BALB/c- 
derived ES cell line (kindly provided by S. Rastan) and 1 29/OLA-derived 
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ES cell lines dMsh2-9 were performed essentially as described (Te Riele et 
al., 1992). The targeting constructs 129Rb-neo (derived from the 1290LA 
genome) and B/cRb-neo (derived from the BALB/c genome) carry an 
insertion of the pMCIneo marker in exon 1 9 of the Rb gene and differ 
approximately 0.6% at the nucleotide level (Te Riele et al., 1992). 



[0069] Table 1 . Homologous recombination has lost dependence on 
sequence identity in Msh2 deficient ES cells. 



Es cells 


Homologous recombination 
vs total no. G418 R col. with 


Isogenic vs. non- 
isogenic 






1 ZSRb-neo 


B/cRb-neo 




BALB/c 

(Msh2+I+) 


1/68 (1.5%) 


16/72 (22%) 


15 x 


1 290LA 

{Msh2+I+) 


33/94 (35%) 


1/144 (0.7%) 


50 x 


1 290LA (Msh2-I-) 


42/185 (23%) 


47/184 (26%) 


0.9 x 



[0070] 129Rb-neo and B/cRb-neo are Rb targeting constructs, prepared 
from the 129 and BALB/c strains of mice, respectively, with 0.6% 
sequence divergence. Targeting frequencies in 1290LA (Msh2 + / + ) ES 
cells are derived from Te Riele et al., 1992. 

[0071]] This experiment yielded [tho invoroo roou l t, i .e.} a higher 
targeting efficiency with the BALB/c targeting construct than with the 
non-isogenic 1 29 targeting construct {(Tob l o 1)} . To investigate whether 
MMR is responsible for this antirecombination effect, we have repeated 
the Rb targeting experiment in the (1 29-derived) ES cell line dMsh2- 9 
UMsh-/-)]. We found that in the Msh2-^[/]- cell line homologous 
recombination at the Rb locus with the non-isogenic construct was as 
efficient as with the isogenic construct (Table 1). This experiment 
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demonstrates that Msh2 is involved in preventing homologous 
recombination between diverged DNA sequences. 
{Moh2 deficient mioo oro viob l o but prod i opoood to tumorigonooio} 
[[0072] This finding provides a method for modifying the mammalian 
genome via homologous recombination. By knockout of the msh2 gene 
and thus inactivating the mismatch repair system targeted recombination 
can be achieved despite divergence in the target locus that otherwise 
prevents recombination in a mismatch repair sufficient background.] 

(To otudv tho offoot of MMR dof i o i onov on tho deve l opment of oono efr 
Moh2 I / ) 

fPhenotype of Msh -/- mice 

[0073] Chimeric mice were obtained by injecting 10-15 cells of] ES cell 
lines sMsh2-55 [and sMsh2 42 and Mah2 / ES cell line dmah2 9 were 
used to generate chimeric micc}[ , sMsh2-42 and dMsh2-9 into C57B1/6 
blastocysts. Male chimeras obtained with Msh2+/- ES cells were crossed 
with wild-type 1 290LA and FYB mice and found to transmit the mutated 
Msh2 allele through the germ line. Homozygous Msh2 mutant mice were 
obtained by intercrossing Fl heterozygotes]. Both the Msh2 single and 
double knock-out ES cells gave rise to healthy animals with coat-color 
chimerism of 20 to 70{^r}[%.] This result (ouggooto) [evidences] that 
MMR deficiency did not alter the capacity of the ES cells to compete with 
wild-type cells in chimeric development. 

[[0074]] Msh2+/- chimeras were found to transmit the mutant allele 
through the germ line resulting in Msh2 heterozygous [F1] mice. 
These mice (, which may oorvo qo q modo l for HNPCC,} were healthy up 
to at least 8 months of age (Table 2). 
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[[0075]] Intercrossing of Ms/?2+/- mice resulted in Msh2-/- mice 
according to a normal Mendelian distributional;] they were healthy at 
birth and fertile. However, 30% of the Msh2-/- mice developed 
metastasizing lymphomas of T -cell origin with a peak at 2 months of age 
(Table 2). In addition, one mouse suffered from generalized histiocytic 
sarcoma at [3.5 montho) [3.5 months] of age. Extensive histological 
analyses of these mice did not reveal any other abnormality. Also healthy 
Msh2V- mice sacrificed at 2 months of age were histologically normal and 
had normal B- and T -cell populations as evidenced by FACS analysis. 



(Dioouoo i on 

Look of miomatoh bind i ng in Moh2 / ool l oxtrooto 

WhcroQG wild typo oo l l oxtrooto dioploy offioiont binding to both q G.T 

I m * I I • I - • I _ j _ * _ X L_ _ f" i 

m i omoton 00 won oo xo un oxxrQnijnuiji i um iuui^miv«v f **** *■* ,v "* 

oo ll lino dMoh2 0 look thio binding (Fig. 2), ouggooting that the Moh2 
protoin io oooontiQl for binding to thooo hotoroduploxoo. Wo woro unable 
to dotoot opooifio binding activity to othor miomotohoo undor tho 
oonditiono uood. Thio roou l t io compatible with binding otudioo by othoro 
whioh domonotrato that bind i ng to a G.T miomatoh io otrongor than to 
other miomatohoo (Stophonoon and Karran, 1 089; Hughoo and Jiriony, 
1002) whcroao tho independent A.C binding activity io apparent l y oo l l 
typo opooifio (Jiriony ct al., 1088; Stophonoon and Karran, 10 8 0). Tho 
mothylat i on tolerant ool l linoo 'o l ono B' and RajiF12 woro aloo found to 
look binding to both a G.T miomatoh (Branch at al., 1993; Griffin ot a l ., 
1991) and to an oxtraho li oal TG d i nuo l ootido (Aquilino ot oL, 1 OOP- 
Bind i ng to an A.C miomatoh woo unaffcotod (Branch ot a l ., 19 9 3). 
Therefore, thooo ooll linoo may havo l oot tho Moh2 gono. Purified human 
MSH2. ovorproduood in E. ooli. and purified yooot MSH2 woro ohown to 
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bind to G.T miomotohoo (Fioho l ot al., 1001a; A l oni ot al., 1006), but aloo 
strong l y to IDLo of up to 1 4 nuo l ootidoo (Fiohol ot o l ., 1991b; Aloni ot al., 
1996). Surpr i oing l y, wo oould not dotoot Moh2 dopondont binding to a 14 
nucleotide IDL in ES ool l oxtrooto. Wo oro unob l o to explain thio apparent 
diooroponoy. In oontraot to tho b i nding that wo oboorvod in ES co ll 
oxtrooto and that of tho GTBP protein, tho MSH2 containing G.T 
m i omatoh bind i ng protoin fraotion purified from HoLa oo l lo (Hughoo and 
Jiriony, 1002; Pa l ombo ot al., 1001), tho binding oapaoity of tho purified 
MSH2 protoino wao not aboliohcd by ATP (Fiohol ot a l ., 1001b; A l ani ot 
a l ., 1095). Thio ouggooto that tho purified MSH2 protoino bohavo 
different l y from tho natura l ly produced protein. Tho finding that in Moh2 / 
cello length ohifto in miorooatollitoo wore novor l arger than 1 nuolootidoo 
(roprooonting two CA dinuolootidoo; Fig. 3), ouggooto that b i nding activity 
of Moh2 to oxtrohol i oa l loopo longer than 4 nuolootidoo io not required to 
maintain m i orooato ll ito otability. Wo aro ourrontly i nitiat i ng i n vitro repa i r 
aooayo uoing wi l d typo and Moh2 / ooll oxtrooto to further elucidate thio 
point. 

Mutator phonotypo of Moh2 deficient oo ll o 

Co l l l ino dMoh2 9 had acquired miorooatollito inotabi l ity (tho RER I 
phonotypo), i ndicating fai l ure to repa i r olippod replication intormodiatoo. 
Tho froquonoy of m i orooatollito i notability wao o i milar to that of oomo 
RER l tumor oo l l l inoo (Paroono ot a l ., 1003; Bhattaoharyya ot al., 1991). 
Tho mutator phonotypo of theoo oo l lo a l oo affooto funotiona l gonoo ao 
ovidonood by tho rato of Hprt dofioionoy i n a dmoh2 9 ou l turo wh i oh wao 
inoroaood from undotootablo (i.e. l ower than 1 .6x I O 7) for w i ld typo oollo 
to 3x10 6. Thio froquonoy io in agroomont with that found in oomo RER I 
tumor ocl l linoo (Bhootaoharyya ot al., 1991; Shibata ot a l ., 1991; 
Eohloman ot al., 1006), a l though oo l l linoo that have boon oolootod for 
MMR dofioionoy uoing a mothylating agont tend to havo oomowhot l owor 
mutat i on froquonoioo (Goldmaohor ot al. f 1086; Branoh ot al., 19 9 3; Kat 
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ot o l ., 1993; Aqui l ino ot o l ., 199 4 ). Growth roto and p l at i ng offioionoy of 
Moh2 def i cient, hotorozygouo and wi l d typo ool l o woro indiotinguiohoblo, 
ouggoGt i ng that tho mutator phonotypo dooo not intorforo with v i abi li ty of 
tho ool l o. Thio i a remarkab l e, o i noo both woro Goriouoly offootod i n oomo 
oo ll MnoG that woro oo l ootod for MMR dofioionoy uoing mothy l ating agonto 
(Go l dmaohor ot at., 1986). Thio ouggooto that in tho l attor oo ll o, addit i ona l 
ovonto may havo talcon plaoo that i ntorforo w i th oo l l viabi l ity. Boood on 
tho mutator phonotypo of dMoh2 9 oo ll o and on tho binding otudioo 
dooor i bod abovo, wo oono l udo that Moh2 i o i nvo l ved in, and oooontial for, 
pootrop l ioationa l MMR. 

Sonoitivity to simple mothy l ating agonto io mod i atod by MMR 
Sono i tivity of oo ll o to agonto that mothylato DNA at tho 06 pooition of G 
rooiduoo hoo boon, attributed to fut il o attompto of MMR to oorroot tho 
roou l ting 06 moG.T baoopairo (ooo rcou l to). Thio hypothooio io oupportod 
by two oboorvationo: (i) Pro l onged oo l ootion of oo ll o for toloranoo to 
Mothy l nitrooouroa or MNNG frequently roou l to in l ooo of MMR (Kot ot ol., 
1993) and l ooo of G.T b i nding activity (Branch ot a l ., 1993; Griffin ot o l ., 
1 99 4 ). (ii) An RER I tumor ool l l ino wao found to bo to l erant to thooo 
agonto and oonoitiv i ty wao rootorod by introduction of tho ohromooomo 
contain i ng a w il d typo a ll e l e of tho dofoot i vo miomatoh repair gone (Ko i ot 
o l ., 1994). Our finding that Moh2 dofioiont oo ll l ino dMoh2 9 had aoqu i rod 
to l oranoo to MNNG providoo direct ovidonoo in oupport of th i o hypothoo i o. 
Thio finding may havo important cl i nica l imp li oat i ono. Tho triozono o l aoo of 
oaroinootatio drugo probab l y dorivoo ito oytotoxio offoot from mothylaoion 
at tho 06 pooition of G rooiduoo (Miohojda ot at., 1994). Whoroao MMR 
deficient tumoro aro ouppoood l y to l erant to thooe drugo, thoy may ol i oit 
oovoro oytotox i ty in norma l tioouoo of tho pat i ent. I n add i tion, tho 
poro i otonoo of 06 moG.T miopairo i n MMR dof i oiont tumor oo ll o might l oad 
to i noroaood G to A tranoitiono (Aquilina ot a l ., 1993), reou l ting in 
aooo l cration of tumor progroooion. F i na ll y, tho f i nd i ng that o i mp l o 
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mothy l ot i ng ogonto oo l oot, or induoo, MMR dofioionoy i n oo l lo hoo lod to 
tho hypothoo i o that th i o prooooQ i o invo l ved in dotorm i n i ng tho tioouo 
opooificity of tumorigonooio i n HNPCC potionto, duo to tho prooonoo of 
ouoh ogonto i n tho intootino (Karran and Bignorni, 199 4 ; Vorlot ot ol., 
1991). 

MMR odito homo l ogouo rooombinotion i n mammalian oo l lo 
Proviouoly, it hoo boon ohown that tho prooonoo of l ooo than 1 % 
nuo l ootido d i fforonoo oon otrong l y oupprooo homologouo rooomb i notion in 
mommo l ion ool l o (Wo l dmon ond Liokoy, 1988, To Riolo ot o l ., 1992). 
Horo, wo hovo oxtondod thooo roou l to ond wo havo domonotratod that 
Moh2 / oo ll o hovo l oot thio hetero l ogy dopondont oupproooion of 
rooombinotion. Boood on roou l to obta i ned i n E. oo l i (Worth ot a l ., 199 4 ), 
th i o funotion io probab l y mediated by tho Moh2 protoin, by recognizing 
miomotohoo that ooour during hotorodup l ox format i on between two not 
porfoot l y oomplomontory DNA otrando. Thio may d i rect l y dootob il izo tho 
hotoroduplox or, a l ternative l y, prevent e l ongat i on of otrand exchange. 
Sim il ar roou l to hovo recent l y boon obta i ned with MSH2 deficient yooot 
otraino (Alan i ot a l ., 199 4 : So l va ot ol., 1995), ouggooting that thio ro l o of 
MMR io otrong l y prooorvod during evolution. I n E. ooli, l ooo of MMR hoo 
boon ohown to roou l t i n a high froquonoy of i ntor ond introohromooomol 
roorrangomonto duo to ootop i o rooombinotion between d i verged 
ooquonooo (Royooiguior ot o l ., 1989: Petit ot ol., 1991). Moro than tho E. 
oo l i gonomo, mamma l ian gonomco conta i n many repeated but d i verged 
ooquonooo. Exomp l oo of thooo oro gono fom il ioo, S I NE ooquonooo, L I NE 
ooquonooo ond pooudogonoo (Brooiuo ond Gou l d, 1992; Nowok, 199 4 ). 
Eotop i o rooombinotion botwoon thooo ooquonooo would l ood to genomic 
rcorrongomonto that may either bo dotrimonto l for co l l v i ability duo to l ooo 
of oooont i a l genomic informat i on or, o l tornot i vo l y, l ood to act i vat i on of 
onoogonoo or inootivotion of tumor oupproooor gonoo ( B ouff l or ot at., 
1 9 93). H omologouo rooombinotion botwoon idontioa l DNA otrotohoo 
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shou l d bo o ll owod to prooood, however, to a ll ow rooombinot i ono l repa i r of 
double otrand breaks uoing tho ( i dontioa l ) sister ohromatid ao ooquonoo 
donor. For th i o roooon, moohan i omo oountoraoting homo l ogouo 
rooomb i nation whon both rooomb i ning otrotohos contain divergenc i es, 
wh il e permitting recomb i nat i on to prooood when both otrotohoo arc 
i dontioa l , may be of groat importance for tho mamma li an ool l to onab l o 
repa i r without rioking genome rearrangement. Booed on tho effect of 
Msh2 dofioionoy on gone target i ng, i t io li ko l y that MMR p l ayo th i o 
scrutiniz i ng role. 

Our finding that Msh2 aots not on l y anti mutagonio but a l oo anti 
rooomb i nogonio, ouggooto that MMR defic i ency may contr i bute to 
tumorigenos i s by elevat i ng tho rate of both po i nt mutat i ons and 
chromosoma l rearrangements. 
Ro l o of Moh2 deficiency in tumorigonoo i o 

Msh2 dofio i onoy d i d not interfere with mouse ombryonio dovo l opmont and 
i s oompatib l o w i th adu l t l ifo. Th i s observat i on substantiates tho rooont 
find i ng that somo HNPCC patients ooom large l y MMR deficient in norma l 
co ll s (Parsons ot o l ., 1995). A significant fraction of oh i mor i o and pure 
Moh2 / mice dovolopcd metastasizing l ymphomas. I t is liko l y that tho 
developing immuno system i n newborn mioo, in whioh a high turnover of 
maturing T oo ll o exists, offers a w i ndow whore MMR dofio i onoy oan 
strong l y aooo l orato tho aooumu l at i on of transform i ng events. 
Tho basal l eve l of mutagenes i s i n tho oo ll , ootimatod to bo approx i mate l y 
I O 10 per nuo l ootido per generat i on, is considered to bo i nsufficient to 
sustain tho multistop c l ona l outgrowth of co ll s i n tumorigonoois (Loob, 
1994). Thoroforo an increased mutation rato, such as caused by MMR 
dofioionoy, i s l iko l y to bo ob l igatory to aooo l orato thio process (Loob, 
199 4 ). Our resu l ts suggest that a rapid oo ll expansion i s requ i red to unvo il 
tho offoot of MMR dofio i onoy on tumor dovo l opmont. Corroborat i ng thio 
not i on, rooont stud i os of miorooato lli to instab il ity dur i ng oanoor 
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development ohow thot looo of MMR probab l y dooo not ooour ao tho in i tia l 
stop, but rathor w i thin an oarly tumor otago ouch ao an adonoma (Young 
ot ol., 1093; Aa l tonon ct al., 1 99*1 ; Chong ot a l ., 1991; Sh i bata ot o l ., 
1901; Wada ct o l ., 1001), which, in HNPCC potionto, havo boon found to 
ovo l vo rap i dly into oaroinomao (Lynch ot a l ., 1 9 93; Jaoo ot a l ., 199 4 ). 
Moreover, two rooont otud i oo oupport tho not i on that onhanood 
mutagonoo i o duo to MMR dofio i onoy io rcoponoib l o for tumor progroooion: 
( i ) Some RER I tumoro had acqu i red fromooh i ft mutot i ono in tho 2 
Microg l obu li n gone w i thin a CT repeat, i nd i cative of unrepa i red ropl i oat i on 
olippago, and putativoly l oad i ng to oooopo from i mmuno ourvoi ll anoo 
(B i okno ll ot a l ., 1991); (ii): i n some RER co l on carc i nomoo from HNPCC 
potionto, p53 and APC woro found to contain e i ther fromoohifto in 
ropoatcd nuo l oot i doo or G to A trano i t i ono, i ndicat i ve of tho fai l ure to 
repa i r c l ipped oimp l o Goquonoo ropoato and G.T miomatohoo, rcopootivo l y 
(LoHor ot al., 1991). 

I n cono l uoion, our otudioo on Moh2 dofic i onoy prove the i nvo l vement of 
Moh2 in MMR and ohow that MMR funotiono ao a moohaniom 
oofoguarding tho mamma l ian genome againot mutation by 
mio i noorporation and rooombinat i on between d i verged ooquonooo. In 
add i tion, our roou l to lend oupport to tho hypothoo i o that MMR dofioionoy 
can otrong l y aooolorato ma li gnant tranoformat i on of rap i dly expanding oo ll 
popu l ationo. 

Exper i menta l proooduroo 

Dioruption of Moh2 in mouoo ES ce ll o 

Gonom i o Moh2 fragmcnto wore obta i ned by ooroon i ng a 1290LA derived 
genomic DNA l ibrary with a murine Moh2 oDNA probo (Var l ot ot a l ., 
199 4 ). Tho targeting oonotruot wao prepared by oubo l oning a 12.5 kbp 
BamH I fragment and inoorting a hygromyo i n roo i otanoo gone (from 
PGKhyg, to Rio l o ot a l ., 1990) i nto tho un i que SnoB I oito l ooatod within 
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on oxon ooquonoo of Moh2. C l oning procedures woro porformod oooord i ng 
to Sombroolc ot o l . (19 8 9). 

Tho targeting oonotruot woo separated from vootor ooquonooo by go l 
olootrophoroo i o, pur i fiod by olootro o l ut i on and i ntroduced into 1 290LA 
derived ES oo ll li no E1 4 by olootroporotion oo described (to Riolo ot o l ., 
1992). Elootroporotcd ce ll s were seeded onto ge l at i n oootod 10 om dishos 
(107 oo ll s per p l ato) and subjootod to hygromyoin B soloot i on (150 g por 
m l ) i n BRL oondit i onod medium (Hooper ot ol., 19 8 7) tho fo l lowing day. 
Aftor 10 days, indiv i dual hygromyoin B resistant oo l on i os woro random l y 
picked and expanded on mouso ombryonio fibrob l asts feeder l ayers. DNA 
was oxtraotcd from expanded oo l onios, d i gested with EooR I and ana l yzed 
by Southern hybridization using probes flanking both sides of tho 
target i ng construct (F i g. 1A). Two ool l lines wore obtained out of 135 
hygromyoin B res i stant co l onics showing bands d i agnostic for oorroot 
integration of tho hyg marker between oodons 588 and 589 of one oopy 
of the Msh2 gone. Those ooll linos were des i gnated sMsh2 4 2 and 
sMsh2 55. Ono oo ll l ino obta i ned from this experiment, des i gnated wt 2, 
carrying a randomly' integrated hyg gone, was used as an Msh2 I / i 
oontrol. 

To obta i n an ES oo ll line carrying a disruption in both copies of Msh2, 106 
oolls of ooll lino oMsh2 55 wore p l ated onto 10 om p l ates and cu l tured in 
BRL oondit i onod medium containing 1 .0 or 1 .5 mg por m l of hygromyoin 
B. After 1 2 days of oultur i ng in sclootivc med i um and 7 days in non 
solootivo med i um, 2^1 oolonios were obta i ned which had surv i ved 1 .5 mg 
por ml of hygromyoin B. DNA was extracted from expanded oolonios, 
digested with EooR I and ana l yzed by Southern hybridization. Ono oo ll 
l ino, designated dMsh2 9, carried two disrupted Moh2 a ll eles, had l oot tho 
wild typo oopy and oonta i nod the norma l number of ohromosomos. ES oo ll 
li nos whioh had survived 1 .0 mg por ml of hygromyoin B sti ll oontainod 
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ono dioruptod and ono w il d typo Moh2 oopy. Ono of thooo Moh2 I / linos 
woo dooignatod oMoh2 2 1 and uood for oovoro l experiments. 
Gonorotion of Msh2 mutant mioo 

Chimorio mioo woro obtained by injooting 10 15 oo l lo of ES oo ll linoo 
oMoh2 55, oMoh2 <12 and dMoh2 9 into C57B1/6 blaotooyoto. Ma l o 
chimeras obtained w i th Moh2 I / ES oo l lo woro orooood with wi l d typo 
1 290LA and FYB m i oo and found to transmit tho mutatod Moh2 o ll olo 
through tho gorm l ino. Homozygous Moh2 mutant mioo woro obtained by 
i ntercrossing F l hotorozygotos. 
Gol shift assay 

Preparation of ooll extracts, annea l ing of oligonuc l eotides, b i nding of oo l l 
oxtraots to dup l ex o li gonuolootidos conta i ning mismatched or oxtraho l ioa l 
nucleotides, and nondonaturing po l yaory l omido golo l ootrophorosio woro 
performed essential l y as descr i bed (Stephenson and Karran, 1989). 
Howovor, golo l ootrophoresis was performed in TAE buffer rather than in 
TBE buffer. To obtain duplex oligonuo l ootidos, tho o l igonuo l oot i do U: 5' 
GGGAAGCTGCCAGGCCCCAGTGTCAGCCTCCTATGCTC 3' (soquonoco 
woro derived from Aqu i l i na ot a l ., 109 4 ) was radiolabe l ed and annoa l od 
with any of the fol l owing unlabe ll od o li gonuc l eot i des: L G.T: 
S'GAGGATAGGAGGCTGACATTGGGGGCTGGGAGCTTCGG 3' (resulting 

in a G.t mismatch); L G.A: 5" 

GAGCATAGGAGGCTGACAATGGGGCGTGGCAGCTTCGCC 3' (resulting 
in a G.A mismatch); L G.G: 5' 

GAGCATAGGAGGCTGACAGTGGGGCCTGGCAGCTTGCC 3' (resu l ting in 
a G.G mismatch); L A.G: 5' 

GAGCATAGGAGGGTGAGAGCGGGGCCTGGAGAGCTTCGC 3' (resulting 
in an A.C m i smatch); L TG: 5' 

GAGCATAGGAGGGTGACACTGTGGGGCCTGGCAGGTTGCC 3' (resulting 
in an oxtrohclioal TG dinuoloot i do); L HOM: 5' 

GAGCATAGGAGGCTGAGACTGGGGGGTGGGAGCTTGGGC 3' (result i ng 
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in a homodup l ox); L LOOP1 A : 5' 

GAGCATAGGAGGCTGACACATACGTGAGTACTCTGGGGCCTGGCAGCT 
TCCC 3' (roou l t i ng in on I DL l oop of 1 4 oxtrohol i oo l nuo l oot i doo). In a ll 
QGooyo, a twofo l d oxoooo of unlobol l od homodup l ox oompot i tor 
o l igonuc l eot i de woo inoludod. Ao a poo i tivo contro l , a dup l ox 
o l igonuo l ootido conta i ning tho binding site for tho E2F fam il y of 
tranooription faotoro woo uocd (Boijoroborgon oo o l ., 1995). 
PCR amp li f i ootion of mioroooto l litoo 

Subolonoo of ES oo ll l inoo dMoh2 9 and wt 2 woro gonoratod by oooding 
oo l lo onto mouoo ombryonio fibroblooto foodor l ayoro at a donoity of 103 
oollo per 10 om2. At that t i me, tho ES ool l l inoo woro i n oulturo for 
approximato l y 20 divioiono oinoo tho i r generation. Twenty four oolonioo 
from each ooll lino woro expanded. Chromooomol DNA wao ioo l otod and 
oubjootod to tho polymoraoo ohain reaction uo i ng two ond l abe ll ed primor 
poiro (DMMitl 5 and D7M i t17, Dietrich ot ol., 1901). Amp li f i ed produoto 
wore olootrophorcood on a denaturing po l yaory l amido go l . 
Mutation frequency 

6x106 oo l lo of ES ool l linco dmoh2 9 and wt 2 woro p l ated onto 4 86 om2 
ge l atin ooatod (ioouo ou l turo ourfaoo in BRL condit i oned med i um. After 
two doyo, 6 Thioguanino wao added at a oonoontration of 10 g por ml. 
After two wooko tho number of rooiotant oolonioo wao counted. 
Scno i t i vity to MNNG 

ES oo ll l i noo dMoh2 9, oMoh2 2 1 and wt 2 woro ocodod onto MEF foodor 
l ayoro at a donoity of 103 oo l lo por 4 om2. Tho fo l low i ng day, oo ll o woro 
oxpoood for one hour to MNNG ranging in oonoontrat i on from zero to 
36. 4 5 M in oorum free medium. After 4 dayo of i noubation, oo l lo woro 
trypo i n i zod, otainod with Trypan blue and oountod. Dur i ng the wholo 
proooduro from ono hour before oxpoouro to MNNG, 06 bonzy l guanino 
(20 M, kind l y provided by A. Pogg) wao inoludod in tho med i um in ordor 
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to oompot i vo l y i nhibit ondogonouo mothy l tronoforooo ootivity that m i ght 
othorwioo romovo tho mothy l groupo oddod by MNNG (Do l on ot o l , 1990). 
Rb target i ng with ioogonio and non isogenic DNA 

Target i ng and oubooquont ono l yo i o of tho Rb l oouo in a BALB/o der i ved ES 
oo l l l ino (kind l y prov i ded by S. Rooton) and 1 29/OLA derived ES oo l l l inoo 
dMoh2 9 woro performed oooontia l ly oo dooor i bod (to Rio l o ot a l , 1092). 
Tho targeting oonotruoto 1 29Rb noo (derived from tho 1 2 9 0LA gonomo) 
and B/oRb noo (derived from tho BALB/o gonomo) oarry an i nsertion of tho 
pMC I noo marker i n oxon 1 9 of tho Rb gono and differ approx i mately 0.6% 
at tho nuoloooido l eve l (to Rio l o ot o l , 1992). 
References} 

[[0076] Table 2. Phenotypes of Msh2 mutant mice. 



Genotype 


Age 
(months) 


Condition 
at birth 


Tumor incidence 








type 


frequency** 


age 
(months) 














Msh2 + /- 


8 


healthy 


lymphoma 


0/110 


2 


Msh2 + / + 
\\Msh2-l- 


6 


healthy 


lymphoma 


1/24 


2-4 


Msh2-I- 


4-5 


healthy 


histiocytic 
sarcoma 


6/19 


3.5 



* Chimeras consisting of wild-type and Msh2-I- cells 

** Number of mice carrying a tumor per total number in the experiment 
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Tob l o 1 . Homo l ogouo rooombinotion hoo l oot dopondonoo on ooquonoo 
identity in Moh2 dofioiont ES oo l lo. 

Eg oo l lo Homo l ogouo rocomb i notionvo tota l no. G 4 18R oo l . with l oogonio 
vo. non ioogonio 1 29Rb noo B/oRb noo BALB/o (Moh2 I / l ) 1/68 (1.5%) 
16/72 (22%) 15 x 120OLA (Moh2 l / I ) 33/01 (35%) 1/11 4 (0.7%) 50 x 
12QOLA (Moh2 /) 12/185 (23%) 17/181 (26%) 0.9 x 129Rb noo and 
B/oRb noo aro Rb targeting oonotruoto, prepared from tho 129 and BALB/o 
otraino of mioo, roopootivoly, with 0.6% ooquonoo d i vergency. Targeting 
froquonoioo in 1 290LA (Moh2 I / I ) ES oo ll o aro derived from to Rio l o ot 
o l „ 1992. 

Tab l o 2. Phonotypoo of Moh2 mutant m i oo. 

Genotype Ago(montho) Condition at birth Tumor inoidonoo — typo 

frequency** ago(montho) 0/110 Moh2 I / 8 hea l thy Lymphoma 1/21 

2 Moh2 I / i ::Moh2 / * 6 hea l thy Lymphoma 6/19 2 1 Moh2 / 1 5 
hea l thy H i otiooytio oarooma 1/19 3.5 * Chimorao oonoioting of w il d typo 
and Moh2 / oo ll o 

** Number of mioo carry i ng a tumor per total number i n tho experiment 
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